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Summary 
 
The use of the “little” acorn barnacle Chthamalus montagui and its “big 
brother” goose barnacle Pollicipes pollicipes as biomonitors of metal and 
polycyclic aromatic hydrocarbons (PAHs) contamination along the NW coast of 
Portugal was the main goal of this work.  
 
Metal and polycyclic aromatic hydrocarbon (PAH) pollution in Portuguese 
coastal water is scarcely known and the use of biomonitor organisms to assess 
ecological water quality was pursued in this study. Biomonitor organisms are very 
useful since a more realistic and integrated view of the fate of pollutants can be 
achieved. Therefore this work will contribute to the state of the art on metal and 
PAH water pollution in the northwest coast of Portugal, making use of two species 
of cirripidea, Chthamalus montagui and Pollicipes pollicipes as biomonitors of 
those pollutants. 
 
It will also evaluate the validity of using both species C. montagui and P. 
pollicipes and their different tissues (shells and soft tissues) as biomonitors of 
metals and PAHs. 
 
And it will enable to classify coastal waters not just by the concentrations of 
pollutants but, more importantly, according to the bioavailable fraction of the 
pollutants in the tissues of the organisms that may cause toxic effects. 
 
The main conclusion of this work is that the soft tissues but not the shells of 
both species were good biomonitor materials of metals and PAHs contamination 
in coastal seawaters of the NW coast of Portugal.  
 
The remaining conclusions can be divided in metals and PAHs:  
(i) Coastal seawaters showed significant spatial and seasonal (p<0.05) 
variations of their dissolved metal concentrations (Cd, Cr, Cu, Fe, Mn and 
Zn) in all sampled locations of the NW coast of Portugal during the 
different seasons of 2009-2011; 
(ii) Independent of season and location, the metal concentrations in these 
seawaters ranged: 0.7-130 ng Cd.L
-1
; 10-274 ng Cr.L
-1
; 69-1,819 ng Cu.L
-1
; 
468-11,443 ng Fe.L
-1
; 77-5,727 ng Mn.L
-1
 and 2,889-56,953 ng Zn.L
-1
; 
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(iii) Locations 1 - 6 (“Paramos” - “Vila do Conde”) showed the highest metal 
concentrations in seawater, revealing high metal availability, probably due 
to the influence of untreated domestic and industrial effluents from these 
urban areas; 
(iv) On the contrary, the seawater in locations 9 and 10 (“Forte do Paçô” – 
“Moledo”) exhibited the lowest Cu, Cr, Fe and Mn concentrations, showing 
lower levels of contamination by these metals; 
(v) Regarding the high Cu and/or Zn concentrations in seawater, most 
locations from the NW coast of Portugal were ecologically classified as 
“Class IV – Bad” during seasons of 2009-2011 (exceptions: location 7 in 
winter 2011 and summer 2011 and location 10 in winter 2011, which 
were classified as “Class III - Moderate”);  
(vi) Some evidence of a decrease of metal contamination was observed in 
seawater along the time of sampling, particularly Zn that showed a 
considerable decrease through the summers of the different years 
(seasonal mean): 2009: 51,374 ng.L
-1
; 2010: 24,874 ng.L
-1
 and 2011: 
8,230 ng.L
-1
; 
(vii) Total metal concentrations (Cd, Cr, Cu, Fe, Mn and Zn) accumulated in soft 
tissues of C. montagui and P. pollicipes showed significant spatial and 
seasonal variations in all locations of the NW coast of Portugal during the 
seasons of 2009-2011; 
(viii) Independent of season and location, the mean metal concentrations in C. 
montagui soft tissues, expressed in mg.kg
-1
, dry wt, ranged: 0.39-1.98 of 
Cd; 0.45-3.13 of Cr; 0.93-6.7 of Cu; 135-785 of Fe; 2.2-26 of Mn
 
and 119-
782 of Zn
 
and in P. pollicipes soft tissues ranged: 0.35-3.75 of Cd; 0.25-
1.79 of Cr; 0.76-6.09 ofCu; 55-614 of Fe; 2.89-59 of Mn and 413-1,798 
of Zn; 
(ix) Indeed, there were significant positive correlations (p<0.05, R2>0.4955) for 
all metals between most metal concentrations in seawater and in both 
biomonitors (C. montagui and P. pollicipes), except Zn in summer 2010: 
p>0.05, R
2
=0.3412. Thus, it is proved that C. montagui and P. pollicipes 
can be used as good biomonitors of metal contamination in the NW coast 
of Portugal during any season of the year; 
(x) Globally, C. montagui and P. pollicipes demonstrated to have high capacity 
to accumulate Fe and low to accumulate Cu and Mn. Individually, C. 
montagui accumulated more Cr, Cu and Fe than other metals and P. 
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pollicipes accumulated more Cd than other metals. As for Mn and Zn, 
none of the barnacle species showed large differences in the 
accumulation of the two metals. This fact suggests that more complex 
biological and metabolic processes may be involved in the accumulation 
of these metals; 
(xi) BAFs comparisons showed that C. montagui can accumulate Cr, Fe and Mn 
at higher rates than P. pollicipes and P. pollicipes is more efficient for Cd, 
Cu and Zn; 
(xii) If we wanted to select only one season to collect both barnacle species: the 
BAFs values showed that the best season is spring (higher mean seasonal 
BaFs than other seasons); 
(xiii) If we wanted to select only one barnacle species to biomonitor metal 
contamination in the NW coast of Portugal: the BAFs values showed that 
the best species would be P. pollicipes (higher mean seasonal BAFs than 
C. montagui); 
(xiv) Regarding the maximum Cd concentrations allowed in crustacean species 
for human consumption (European Community Commission Regulation 
Nº 629/2008), the capture of P. pollicipes should be interdicted in some 
spoted locations (location 2 – “Foz” – winter 2011; location 4 - “Leça” – 
summer 2011; location 6 – “Vila do Conde” – winter 2011/summer 2011), 
until new Cd analyses show a decrease of Cd to acceptable values or 
unless the organisms are depurated before human consumption; 
(xv) Finnally, the ecological quality of the seawater in the NW coast of Portugal 
varied from “Class III – Remarkably Polluted” to “Class IV – Highly 
Polluted”, mainly due to the high concentrations of Zn in barnacles, in 
some locations and season (see map of classification by location and 
season; only in summer 2010: locations 2-6 and location 8-9) during all 
sampled seasons of 2009-2011; 
(xvi) Coastal seawaters showed significant spatial and seasonal (p<0.05) 
variations on their dissolved PAHs concentrations (N, Ace, AcP, F, P, A, 
Fluo and Py) in all locations of the NW coast of Portugal during the four 
seasons of 2011; 
(xvii) Dissolved PAHs concentrations (ng.L-1) in seawaters ranged: N: 3.7-98.9; 
Ace: 0.24-5.02; AcP: 0.27-14.82; F: 0.35-3.29; P: 0.24-2.86;
 
A: 0.04-0.69; 
Fluo: 0.34-1.90
 
and Py: 0.13-1.69; 
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(xviii) Coastal seawaters from locations 4-5 (“Leça da Palmeira”-“Cabo do Mundo”) 
showed the highest concentrations of all PAHs of this work, except for N 
and Ace, probably related to untreated effluent discharges from Petrogal 
oil refinery of “Porto” metropolitan area; 
(xix) PAHs concentrations of coastal seawaters followed no consistent seasonal 
pattern during the four seasons of 2011 and their significant seasonal 
variations (p<0.05) were more dependent on the characteristics of each 
location and of each PAH; 
(xx) Based on the PAHs availabilities in seawaters, all NW coast of Portugal were 
ecologically classified as “Class II – Good” during the four seasons of 
2011; 
(xxi) Total PAHs concentrations (N, Ace, AcP, F, P, A, Fluo and Py) accumulated 
in soft tissues of C. montagui and P. pollicipes showed significant spatial 
and seasonal (p<0.05) variations in all locations of the NW coast of 
Portugal during the four seasons of 2011; 
(xxii) Total PAHs concentrations (µg.kg-1, dry wt.) in C. montagui ranged: N: 0.13 
– 3.12; Ace: 0.29 – 2.06; AcP: 1.29 – 24.42; F: 0.14 – 3.54; P: 0.59 – 4.11; 
A: 0.67 – 4.08; Fluo: 0.48 – 2.75 and Py: 0.25 – 13.19 and in P. pollicipes 
ranged: N: 0.10 – 1.79; Ace: 0.07 – 2.03; AcP: 0.78 – 5.63; F: 0.08 – 3.34; 
P: 0.24 – 16.03; A: 0.24 – 15.47; Fluo: 0.26 – 26.42 and Py: 0.28 – 10.56; 
(xxiii) No spatial and seasonal patterns on PAHs concentrations accumulated in 
the soft tissues of both barnacle species were clearly defined, which 
proved to be dependent on PAHs availabilities in coastal seawaters; 
(xxiv) Indeed, there were significant positive correlations (p<0.05, R2>0.5943) for 
all target PAHs between the concentrations in coastal seawaters and in 
both biomonitors (C. montagui and P. pollicipes). Thus, C. montagui and 
P. pollicipes can be used as biomonitors of PAHs availabilities along the 
NW coast of Portugal during all seasons of the year; 
(xxv) The BAFs values showed that C. montagui could accumulate all target PAHs 
more efficiently than P. pollicipes in all seasons of 2011, except Fluo in 
winter and P, A, Fluo and Py in autumn; 
(xxvi) In future PAHs biomonitoring programs, if we had to select only one 
season to collect both barnacle species, the BAFs comparisons showed 
that winter is the best season, due to the higher global mean BAF values 
(higher efficiencies); 
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(xxvii)   If we had to select only one barnacle species to biomonitor PAHs 
contamination, these BAFs comparisons showed that C. montagui would 
be the best species, because it showed higher global mean BAF values; 
(xxviii) Finnally, regarding the low PAHs concentrations accumulated by C. 
montagui and P. pollicipes, the ecological quality classifications of all 
seawaters from the NW coast of Portugal varied from “Class II – Natural 
Background Concentrations” to “Class III – Environmental Concentrations” 
during the four seasons 2011; 
(xxix) Thus, the NW coast of Portugal was not exposed to significant PAH 
contamination during the four seasons of 2011.  
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Resumo 
 
O uso da “pequena” craca Chthamalus montagui e do seu “irmão mais velho” 
percebe Pollicipes pollicipes como biomonitores de contaminação por metais e 
hidrocarbonetos aromáticos policíclicos (PAHs) ao longo da costa noroeste (NW) 
de Portugal é o principal objectivo deste trabalho. 
 
A contaminação das águas costeiras Portuguesas por metais e PAHs é pouco 
conhecida e o uso de organismos biomonitores para avaliar a qualidade ecológica 
das águas é estudado neste trabalho. Os organismos biomonitores são muito 
úteis pois permitem obter uma visão mais realista e integrada do destino final 
dos contaminantes. Por isso, este trabalho irá contribuir para conhecermos o 
estado atual de contaminação por metais e PAHs das águas da costa NW de 
Portugal, usando as duas espécies de cirripides, C. montagui e P. pollicipes, como 
biomonitores desses contaminantes. 
 
Este trabalho também avalia a validade do uso de ambas as espécies C. 
montagui e P. pollicipes e dos seus diferentes tecidos (conchas e tecidos moles) 
como biomonitores de metais e PAHs. 
 
E irá permitir classificar estas águas costeiras não apenas segundo as suas 
concentrações de contaminantes mas, mais importante, de acordo com a fração 
biodisponivel dos contaminantes acumulada nos tecidos dos organismos que 
pode provocar efeitos tóxicos.  
 
A principal conclusão deste trabalho é que os tecidos moles, mas não as 
conchas, de ambas as espécies são bons materiais de biomonitorização de 
contaminação por metais e PAHs nas águas costeiras da costa NW de Portugal. 
 
As restantes conclusões podem ser divididas por metais e PAHs: 
(i) As águas marinhas apresentaram variações espaciais e sazonais 
significativas (p<0.05) nas suas concentrações de metal dissolvido (Cd, 
Cr, Cu, Fe, Mn e Zn) em todos os locais da costa NW de Portugal durante 
todas as épocas amostradas de 2009-2011; 
(ii) Independentemente da época e local de amostragem, as concentrações de 
metais destas águas marinhas variaram entre: 0.7-130 ng Cd.L
-1
; 10-274 
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ng Cr.L
-1
; 69-1,819 ng Cu.L
-1
; 468-11,443 ng Fe.L
-1
; 77-5,727 ng Mn.L
-1
 e 
2,889-56,953 ng Zn; 
(iii) As águas marinhas dos locais 1 – 6 (“Paramos” – “Porto” – Vila do Conde”) 
apresentaram as concentrações de metais mais elevadas deste trabalho. 
Isto revelou as suas altas biodisponibilidades em metais, provavelmente 
devido a efluentes domésticos e industriais não-tratados provenientes 
destas áreas urbanas; 
(iv) Pelo contrário, as águas marinhas dos locais 9 e 10 (“Forte do Paçô” – 
“Moledo”) apresentaram as menores concentrações de Cu, Cr, Fe e Mn, 
revelando baixas disponibilidades destes metais para o biota;  
(v) Com base nas elevadas concentrações de Cu e/ou Zn nas águas marinhas, 
a maioria dos locais da costa NW de Portugal foram ecologicamente 
classificados de “Classe IV – Má” durante todas as épocas amostradas de 
2009-2011 (exceção: local 7 no Inverno de 2011 e Verão de 2011 e local 
10 no Inverno de 2011, que foram classificados como “Classe III – 
Moderada”); 
(vi) Algumas indicações positivas de diminuição de contaminação por metais 
tem sido observadas nas águas marinhas Portuguesas ao longo dos anos, 
particularmente para Zn que apresentou uma diminuição considerável ao 
longo dos verões dos diferentes anos (médias sazonais): 2009: 51,374 
ng.L
-1
; 2010: 24,874 ng.L
-1
 e 2011: 8,230 ng.L
-1
;  
(vii) Como nas águas marinhas, as concentrações de metal total (Cd, Cr, Cu, Fe, 
Mn e Zn) acumuladas nos tecidos moles de C. montagui e P. pollicipes 
apresentaram variações espaciais e sazonais significativas (p<0.05) em 
todos os locais da costa NW de Portugal durante todas as épocas 
amostradas de 2009-2011; 
(viii) Independentemente da época e local de amostragem, as concentrações 
médias de metais (mg.kg
-1
, base seca) em tecidos moles de C. montagui 
variaram entre: 0.39-1.98 de Cd; 0.45-3.13 de Cr; 0.93-6.7 de Cu; 135-
785 de Fe; 2.2-26 de Mn
 
e 119-782 de Zn
 
e em P. pollicipes variaram 
entre: 0.35-3.75 de Cd; 0.25-1.79 de Cr; 0.76-6.09 de Cu; 55-614 de Fe; 
2.89-59 de Mn
 
e 413-1,798 de Zn; 
(ix) Verificaram-se correlações positivas significativas (p<0.05, R2>0.4955) para 
todos os metais (exceto Zn no Verão de 2010: p>0.05, R
2
=0.3412) entre 
as suas concentrações nas águas marinhas e em ambos os biomonitores 
(C. montagui e P. pollicipes). Logo, C. montagui e P. pollicipes provaram 
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que podem ser usadas como biomonitores de contaminação por metais 
na costa NW de Portugal em todas as épocas do ano; 
(x) Globalmente, ambas as espécies C. montagui e P. pollicipes apresentaram 
elevada capacidade de acumular Fe e baixa para Cu e Mn. 
Individualmente, C. montagui acumulou mais Cr, Cu e Fe e P. pollicipes 
acumulou mais Cd. Para Mn e Zn, nenhuma destas espécies apresentou 
grandes diferenças na acumulação destes metais, o que sugere que 
processos biológicos e metabólicos mais complexos estarão envolvidos 
nas suas acumulações durante as diferentes épocas; 
(xi) As comparações dos BAFs mostram que C. montagui consegue acumular 
Cr, Fe e Mn mais eficientemente que P. pollicipes e P. pollicipes é mais 
eficiente para Cd, Cu e Zn; 
(xii) Se tivermos que selecionar apenas uma época do ano para recolher 
simultaneamente ambas as espécies de cirripides: os valores de BAFs 
mostram que a melhor época do ano é a Primavera (maiores BAFs médios 
sazonais que nas restantes épocas); 
(xiii) Se tivermos que selecionar apenas uma espécie de cirripide para 
biomonitorizar a contaminação por metais ao longo da costa NW de 
Portugal: os valores de BAFs mostram que a melhor espécie é P. pollicipes 
(maior BAF médio sazonal que C. montagui); 
(xiv) Segundo as concentrações máximas de Cd admissíveis em espécies de 
crustáceos destinados a consumo humano (Regulamento da Comissão da 
Comunidade Europeia Nº 629/2008), a captura de P. pollicipes deveria ser 
interdita em alguns locais (Local 2 – “Foz” – Inverno de 2011; Local 4 – 
“Leça” – Verão de 2011 e Local 6 – “Vila do Conde” – Inverno de 
2011/Verão de 2011) até que novas análises de Cd comprovem a descida 
para valores aceitáveis ou as percebes P. pollicipes destes locais devem 
ser depuradas antes de serem consumidas; 
(xv) Finalmente, as classificações da qualidade ecológica de todas as águas 
marinhas da costa NW de Portugal variaram entre “Classe III – 
Remarcadamente Poluída” e “Classe IV – Altamente Poluída” (apenas no 
Verão de 2011: locais 2 – 6 e locais 8 – 9) durante todas as épocas 
amostradas de 2009-2011, devido às elevadas concentrações de Zn 
acumuladas pelas cracas C. montagui e percebes P. pollicipes (ver tabelas 
de classificação por local e época); 
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(xvi) As águas marinhas mostraram variações espaciais e sazonais significativas 
(p<0.05) das concentrações dissolvidas de PAHs (N, Ace, AcP, F, P, A, Fluo 
and Py) em todos os locais da costa NW de Portugal durante as quatro 
épocas de 2011; 
(xvii) As concentrações dissolvidas de PAHs (ng.L-1) nas águas marinhas variaram 
para: N: 3.7-98.9; Ace: 0.24-5.02; AcP: 0.27-14.82; F: 0.35-3.29; P: 0.24-
2.86;
 
A: 0.04-0.69; Fluo: 0.34-1.90
 
and Py: 0.13-1.69; 
(xviii) As águas marinhas dos locais 4-5 (“Leça da Palmeira”-“Cabo do Mundo”) 
obtiveram as concentrações de PAHs mais elevadas deste trabalho, 
exceto para N e Ace, provavelmente devido a efluentes não tratados da 
refinaria da Petrogal da área metropolitana do Porto; 
(xix) As concentrações de PAHs nas águas marinhas não seguiram padrões de 
variações sazonais consistentes durante as quatro épocas de 2011 e 
essas variações sazonais significativas (p<0.05) foram mais dependentes 
das caraterísticas de cada local e de cada PAH; 
(xx) Baseado nas disponibilidades de PAHs nas águas marinhas, toda a costa 
NW de Portugal poderia ser ecologicamente classificada como “Classe II – 
Boa” durante as quatro épocas de 2011; 
(xxi) As concentrações de PAHs totais (N, Ace, AcP, F, P, A, Fluo e Py) 
acumulados nos tecidos moles de C. montagui e P. pollicipes mostraram 
variações espacias e sazonais significativas (p<0.05) em todos os locais 
da costa NW de Portugal durante as quatro épocas de 2011; 
(xxii) As concentrações de PAHs totais médias (µg.kg
-1
, base seca) em C. 
montagui variaram para: N: 0.13 – 3.12; Ace: 0.29 – 2.06; AcP: 1.29 – 
24.42; F: 0.14 – 3.54; P: 0.59 – 4.11; A: 0.67 – 4.08; Fluo: 0.48 – 2.75 e 
Py: 0.25 – 13.19 e em P. pollicipes variaram para: N: 0.10 – 1.79; Ace: 
0.07 – 2.03; AcP: 0.78 – 5.63; F: 0.08 – 3.34; P: 0.24 – 16.03; A: 0.24 – 
15.47; Fluo: 0.26 – 26.42 and Py: 0.28 – 10.56; 
(xxiii) Nenhum padrão de variação espacial e sazonal nas concentrações de PAHs 
acumulados nos tecidos moles de ambas as espécies foram claramente 
definidos, os quais estariam mais dependentes das disponibilidades de 
PAHs nas águas marinhas; 
(xxiv) Realmente, verificaram-se correlações positivas significativas (p<0.05, 
R
2
>0.5943) para todos os PAHs entre as concentrações nas águas 
marinhas e ambos os biomonitores (C. montagui e P. pollicipes). Por isso, 
C. montagui e P. pollicipes podem ser usados como biomonitores das 
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disponibilidades de PAHs ao longo da costa NW de Portugal durante todas 
as épocas do ano; 
(xxv) As comparações dos valores de BAF mostraram que C. montagui podem 
acumular todos os PAHs mais eficientemente que P. pollicipes em todas 
as épocas de 2011, exceto para Fluo no Inverno e P, A, Fluo e Py no 
Outono; 
(xxvi) Em futuros programas de biomonitorização de PAHs, se tivermos de 
escolher apenas uma época para recolher ambas as espécies de 
cirripides, as comparações dos valores de BAF mostraram que o Inverno é 
a melhor época, pois apresentou os maiores valores globais médios de 
BAF (maiores eficiências); 
(xxvii) Se tivessemos de escolher apenas uma espécie de cirripides para 
biomonitorizar a contaminação por PAHs, estas comparações de BAFs 
mostram que C. montagui seria a melhor espécie, devido aos seus 
maiores valores globais médios de BAF; 
(xxviii) Finalmente, de acordo com as baixas concentrações de PAHs acumulados 
por C. montagui e P. pollicipes, as classificações da qualidade ecológica 
de todas as águas marinhas da costa NW de Portugal variaram de “Classe 
II – Concentrações de Referência Naturais” a “Classe III – Concentrações 
Ambientais” durante as quatro épocas de 2011, 
(xxix) Assim, a costa NW de Portugal não sofreu contaminação significativa por 
PAHs durante as quatro épocas de 2011.  
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1.1 This thesis 
 
This PhD thesis begins with the idea of using the “little” acorn barnacle C. 
montagui and its “big brother” goose barnacle P. pollicipes as biomonitors of 
metal and polycyclic aromatic hydrocarbons contamination along the NW coast of 
Portugal. Since scarce information on this subject is available in the local coast, 
we hope that this work will increase the data on metal concentrations in coastal 
seawaters and in soft/hard tissues of barnacle species of the Portuguese coast. In 
addition, using the contaminants availabilities accumulated in barnacles, a valid 
ecological classification of the Portuguese coastal waters can be achieved. The 
results of this PhD work will also allow setting a useful database for comparison 
purposes in future works. 
 
A general ecological and biological characterization of the acorn barnacle C. 
montagui and goose barnacle P. pollicipes, which are the target species of this 
work, is presented in Chapter 1.  
 
Chapter 2 provides a bibliographic review on the use of different barnacle 
species as biomonitors of metal contamination in coastal waters worldwide. This 
bibliographic review discusses the use of body soft tissues of barnacles and their 
shell plates (barnacle exoskeletons) as the best biomonitoring material. This 
review highlights the worldwide use of the cosmopolitan species Amphibalanus 
amphitrite, as having great potential to be a biomonitor of anthropogenic 
contamination in coastal waters, including Europe. The use of barnacle species in 
general can be a valuable tool to assess the ecological quality of an ecosystem. 
 
In Chapter 3, the results of metal analysis in coastal seawaters and C. 
montagui samples collected in 22 locations along the NW coast of Portugal are 
presented. The analytical methods, their optimization and validation procedures 
are described in detail as well as the application of statistical tests to interpret the 
results and to establish correlations between metal concentrations in the water 
and in the barnacle tissues. A discussion on the best metal bioindicator material 
barnacle soft tissue and/or shell plates is included. The main conclusions of this 
chapter were determinant to guide the work in the following chapters. The 
seawater was classified according to ecological criteria of metal concentrations 
adopted by the Norwegian authorities. 
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In Chapter 4, the strategy used in the previous chapter is followed using the 
second species Pollicipes pollicipes to verify its metal biomonitoring capacity. The 
results of metal analysis in the water and in the tissues of P. pollicipes from 12 
selected locations are shown, methods described and statistical analysis were 
analysed. The results of this chapter showed that soft tissues of P. pollicipes can 
also be used as biomonitor of metal contamination in seawater, since significant 
correlations (p<0.05) between metals in soft tissues and seawater were obtained, 
except for Zn (p>0.05). Metal concentrations accumulated by P. pollicipes ranged 
0.70–2.22 mg Cd kg−1, 0.49–1.40 mg Cr kg−1, 1.37–2.07 mg Ni kg−1, 2.4–3.3 mg 
Cu kg
−1
, 5–59 mg Mn kg−1, 134–578 mg Fe kg−1and 728–1,854 mg Zn kg−1. As C. 
montagui, P. pollicipes shell plates were not considered ideal material to monitor 
metal bioavailabilities in these coastal seawaters. In summer 2010, the very high 
concentrations of Zn obtained in seawaters and P. pollicipes allowed to 
ecologically classify the NW coast of Portugal as “Class III/IV – Remarkably/Highly 
Polluted”. 
 
Chapter 5 deals with season variation of metal concentrations in the seawater 
and C. montagui. A one-year metal biomonitoring program (4 seasons: winter, 
spring, summer and autumn 2011) was planned and the results from 10 selected 
locations of the NW coast of Portugal are presented. Bioaccumulation factors 
(BAFs) were calculated for each metal and compared between locations and 
seasons. Based on metal concentrations in seawater and C. montagui, the 
ecological quality classifications of the NW coast of Portugal were attributed. 
 
Following the same strategy as in the previous chapter, Chapter 6 includes 
the results of one-year metal biomonitoring program (4 seasons: winter, spring, 
summer and autumn 2011) using goose barnacles. Spatial and seasonal 
variations of metal concentrations in seawater and P. pollicipes were obtained and 
the metal BAFs were calculated and the locations were classified according to the 
Norwegian ecological criteria mentioned in Chapter 3.  
 
Polycyclic aromatic hydrocarbons (PAHs) are addressed in Chapter 7, where 
the preliminary studies carried out to optimize and validate analytical methods 
using Gas Chromathography-Mass Spectrometry (GC-MS) are described. The 
concentrations of PAHs found in coastal seawaters and tissues of C. montagui are 
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presented showing that C. montagui is an adequate biomonitor of PAHs 
contamination in the NW coast of Portugal. The spatial and seasonal variations of 
PAHs levels in seawaters and C. montagui obtained during one-year period are 
also included in this chapter. Ecological quality classifications of seawater from 
the NW coast of Portugal were assigned based on national and international 
legislation on PAHs levels for coastal seawaters and biomonitor species. 
 
The last working chapter, 8, deals with PAHs in coastal seawaters and P. 
Pollicipes. the same analytical methods optimized and validated, in the previous 
chapter, were used. The spatial and seasonal variations of PAHs levels of one-year 
monitoring program show that goose barnacle P. pollicipes is also a good 
biomonitor of PAHs contamination along the NW coast of Portugal and allowed to 
classify the ecological quality of these seawaters. 
 
A general discussion about the use of acorn barnacles C. montagui and goose 
barnacles P. pollicipes as biomonitors of metal and PAHs contamination in the NW 
coast of Portugal is developed in this final Chapter 9 and future trends are 
proposed. The main final conclusions of this PhD thesis are confined in this 
Chapter. 
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1.2 Barnacles 
 
Barnacles are one of the most abundant and characteristic organisms that live 
in intertidal and subtidal rocky shores of European coasts (López et al., 2010; 
Jacinto and Cruz, 2008; Sousa et al, 2000; Cruz, 1999; Suárez and Arrontes, 
2008; O’Riordan et al, 2004; Pannacciulli and Relini, 2000; Pannacciulii et al, 
1997; Herbert and Hawkins, 2006; Power et al, 2011). Barnacles are sessile and 
gregarious organisms and their soft body is protected by a chitinous exoskeleton 
and calcareous plates (López et al, 2010, Figure 1).  
 
 
Figure 1. Internal and external anatomy of an adult acorn barnacle (adapted from Davey, 1998). 
 
Normally, they are hermaphrodites, with cross fertilization between adjacent 
individuals and they have a larval development with six naupliar and one cypriar 
stage (Anderson, 1994; López et al., 2010). Cypris larvae settle to a substrate and 
metamorphose to form an adult (Anderson, 1994; Cruz, 1999; Suárez and 
Arrontes, 2008; Pannacciulli and Relini, 2000; Pannacciulii et al, 1997; Herbert 
and Hawkins, 2006; Power et al, 2011; Burrows et al, 1999). Usually, adult 
barnacles are filter-feeders. They filter suspended particles directly from water, 
using rhythmic movements of a group of six pairs of biramous cirri (Anderson 
and Southward, 1987; López et al, 2010). 
 
The genera and species can be differentiated by the number, dimension and 
characteristics of these shell plates (Anderson, 1994; López et al, 2010; Figure 2). 
Actually, more than 900 species of barnacles were already identified worldwide, 
but only approximately 12 species have commercial value (Foster and Buckridge, 
1987; Schram and Hoeg, 1995; López et al, 2010). 
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Figure 2. Different genera of acorn 
barnacles differentiated by number, 
dimensions and distribution of their 
shell plates (adapted from Pilsbry, 
1912). 
 
Taxonomically, barnacles can be classified as belonging to: (i) Kingdom: 
Animalia; (ii) Phylum: Arthropoda; (iii) Subphylum: Crustacea Brunnich, 1772; (iv) 
Class: Maxillopoda Dahl, 1956; (v) Subclass: Thecostraca Gruvel, 1905; (vi) 
Infraclass: Cirripedia Burmeister, 1834; (vii) Superorder: Thoracica Darwin, 1854 
(NODC, 1996). Then, barnacles were divided into two groups: acorn barnacles 
(Order: Sessilia Lamarck, 1818 and Suborder: Balanomorpha Pilsbry, 1916) and 
goose barnacles (Order: Pedunculata Lamarck, 1818 and Suborder: 
Scalpellomorpha Newman, 1987) (NODC, 1996). The acorn barnacles show shell 
plates attached directly to the rock and the goose barnacles are attached on the 
end of a peduncle (Marinho et al., 2006).  
 
There are seven species of acorn barnacles used for human consumption and 
with commercial value: Austromegabalanus psittacus, Megabalanus azoricus, 
Megabalanus rosa, Megabalanus tintinnabulum, Balanus nubilus, Balanus 
rostratus and Tetraclita japonica (Foster and Buckridge, 1987; Schram and Hoeg, 
1995; López et al, 2010). In the Macaronesia islands (northeast Atlantic coast), 
the acorn barnacles Megabalanus azoricus (Azores) and Megabalanus 
tintinnabulum (Madeira and Canary islands) are appreciated foods and subjected 
to intensive harvesting (Santos et al, 1995; Southward, 1998; Regala, 1999; López 
et al, 2010). In Portugal main land (northeast Atlantic coast), the dominant 
species Chthamalus montagui and Chthamalus stellatus are not considered food 
sources (López et al., 2010; Jacinto and Cruz, 2008; Sousa et al, 2000; Cruz, 
1999; O’Riordan et al, 2004; Pannacciulli and Relini, 2000; Pannacciulii et al, 
1997; Figure 3). 
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Figure 3. Example of acorn barnacle Chthamalus montagui (personal figure). 
 
There are four goose barnacle species with commercial value: Pollicipes 
pollicipes (Atlantic Coast: France, Spain, Portugal and Morocco), Pollicipes 
polymerus (Pacific coast: Canada and United States of America), Pollicipes elegans 
(Pacific coast: from Mexico to Chile) and Capitulum mitella (Japan) (López et al, 
2010). In continental Portugal, the dominant goose barnacle P. pollicipes is 
captured in wave zones of exposed coasts and, normally, only the fresh peduncle 
is consumed (López et al., 2010, Figure 4). 
 
 
Figure 4. Example of goose barnacle Pollicipes pollicipes (personal figure). 
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1.2.1 Acorn barnacle Chthamalus montagui 
 
The acorn barnacles C. montagui Southward (1976) co-exist with C. stellatus 
(Poli) in intertidal rocky shores along western Europe, from the Atlantic coast of 
Britain to NW Africa, and in Mediterranean Sea (Crisp et al., 1981; Pannacciulli et 
al., 1997; Figure 5).  
 
 
Figure 5. Geographical distribution of C. montagui Southward along Western Europe and 
Mediterranean Sea (Crisp et al., 1981; Pannacciulli et al., 1997). 
 
The vertical distribution of C. montagui (relative to tidal level) as well as 
horizontal (relative to latitude, microclimate and wave action exposure) has been 
studied in different locations of the world (e.g. Crisp et al., 1981; Jacinto and 
Cruz, 2008; Sousa et al, 2000; O´Riordan et al, 2004; Pannacciulli and Relini, 
2000; Pannacciulli et al, 1997; Kendall and Bedford, 1987; Burrows et al, 1999; 
Power et al., 2011). Extensive overlap of the two Chthamalus species 
distributions occur in all regions, but C. montagui is more abundant in the mid-
upper tidal levels (MHWS and MHWN), while C. stellatus is dominant in lower 
levels (MTL and bellow) (Crisp et al., 1981; Jacinto and Cruz, 2008; Sousa et al, 
2000; O’Riordan et al, 2004; Pannacciulli and Relini, 2000; Pannacciulli et al, 
1997; Kendall and Bedford, 1987; Burrows et al, 1999; Power et al., 2011).  
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In terms of microclimate, intertidal barnacles are subjected to extreme 
physiological challenges such as high temperature variations and desiccation 
stress (Power at al., 2011) due to aerial exposure during the low tide. The 
temperature tolerance is driven by the cellular oxygen limitation and the 
organism´s ability to adjust the aerobic metabolism (Power et al., 2011). The 
desiccation resistance relies on structural adaptations of isolation from the 
environment and retardment of water loss (Power et al., 2011). The barnacle C. 
montagui can survive better than C. stellatus in warmer and desiccating habitats, 
mainly due to its faster closure-fitting of the opercular valves during larvae stages 
and its slower opening of valves, even in wet habitats (Burrows, 1988; Power et al, 
2011). Thus, C. montagui can be found in higher and sheltered intertidal rocky 
zones. 
 
In terms of wave action exposure, C. montagui is more abundant in embayed 
and sheltered shores, where the water has suspended particles in abundance, 
while C. stellatus is dominant in wave-exposed coasts and open ocean shores 
(“blue waters”) (Crisp et al., 1981; Jacinto and Cruz, 2008; Sousa et al, 2000; 
O’Riordan et al, 2004; Pannacciulli and Relini, 2000; Pannacciulli et al, 1997; 
Kendall and Bedford, 1987; Burrows et al, 1999; Power et al., 2011).  
 
The proportions of C. montagui relative to C. stellatus also increase along the 
latitude gradient, from north Ireland (55º16’N) to south Portugal (37º05’N), as the 
habitat becomes drier and warmer (Power et al., 2011). As example, the 
abundances of Chthamalus spp. in SW Ireland coast are not significantly different 
between each other, as opposed to the SW coast of Portugal, where the 
abundances of C. montagui are approximately 3000 times higher than C. stellatus 
(Jacinto and Cruz, 2008; O’Riordan et al., 2004). 
 
The barnacle C. montagui has a complex lifecycle with two phases (free- 
dispersive planktonic larval phase and adult benthic phase) linked by the 
settlement of larvae (Suárez and Arrontes, 2008). Individuals begin reproductive 
behaviour from their first year of life and can release several broods per year 
(Suárez and Arrontes, 2008). Eggs are formed internally and larvae are released 
into water, where, during approximately four weeks, live as free-pelagic larvae 
and then go through several development processes: six naupliar and one cypriar 
stages (Suárez and Arrontes, 2008; Figure 6). Overall, the recruitment of C. 
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montagui is higher than C. stellatus in all locations of Western Europe and 
Mediterranean Sea, except in SW Ireland, where no significant differences were 
observed between the species. The recruitment period of C. montagui also varies 
within locations, beginning earlier and lasting longer in southern latitudes: 10 
months (March-December) in SW Portugal, 8 months in NW Spain (April-
November) and NE Italy (May-December) and only 7 months in SW Ireland (August-
February) (O’Riordan et al., 2004). After one month of recruitment, cyprid larvae 
starts settlement and goes through metamorphose processes and cements to 
definitive substrate (Burrows et al., 1999; Suárez and Arrontes, 2008). After 
settlement, adult barnacle can live for decades (Suárez and Arrontes, 2008). 
 
 
Figure 6. Ventral view of the naupliar stages (I-VI) and lateral view of cyprid stage of C. montagui. 
Scale bar included (adapted from Burrows et al., 1999). 
 
1.2.2 Goose barnacle Pollicipes pollicipes 
 
The goose barnacle Pollicipes pollicipes (Gmelin, 1789) is a strictly littoral and 
essentially intertidal pedunculate cirriped, which forms dense aggregates or 
megapopulations on very exposed rocky shores and cliffs associated with a high 
degree of hydrodynamics (Barnes, 1996; Sestelo and Roca-Pardiñas, 2011). P. 
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pollicipes grows in height as a result of the increase of its peduncle length and in 
width by lamellar accretion, caused by the addition of calcium carbonate to their 
capitular shell plates (Anderson, 1994; Sestelo and Roca-Pardiñas, 2011, Figure 
7). 
 
  
Figure 7. Internal and external anatomy of an adult goose barnacle (adapted from Davey, 1998). 
 
P. pollicipes is the dominant goose barnacle species from shallow subtidal to 
mid-intertidal zones, along the Atlantic coast (from Britanny (France) to Spain and 
Portugal), the Mediterranean Sea (Algerian coast from Algiers westward, Catalan 
Bay (Gibraltar) and southern coast of Spain and France) and in northwest coast of 
Africa (Morocco) down to Senegal coast (Girard, 1982; Goldberg, 1984; Newman 
and killingley, 1985; Bernard, 1988; Barnes, 1996; Cruz and Araújo, 1999; López 
et al., 2010; Van Syoc et al., 2010; Sestelo and Roca-Pardiñas, 2011; Figure 8).  
 
This goose barnacle species is considered an important food source with high 
commercial value (€15-€25/kg fresh) in France, Spain, Portugal and Morocco 
(López et al., 2010). The average exploitation of P. pollicipes is 300-500 
tonnes/year and the commercial size fluctuates between 7-10 cm of total height 
(López et al., 2010). This harvesting activity is damaging P. pollicipes populations 
and management policies have been applied to protect this resource in Spain and 
Portugal (Cruz and Araújo, 1999; Cruz et al., 2010; López et al., 2010). In 
Portugal, the Portuguese legislation (Portuguese Official Journal, First Series, Nº 
59 and 77, Directives 115-A/2011 and 385/2006) demands that each ludic and 
professional fisherman (called “percebeiro”) can only capture a maximum of, 
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respectively, 1 kg fresh/day and 20 kg fresh/day. At least 75% of total capture of 
P. pollicipes should have 2 cm (total height between Rostrum and Carina shell 
plates) individuals to prevent adults dizimation. 
 
 
Figure 8. Geographical distribution of P. pollicipes (Gmelin, 1789) along the Atlantic coast, 
Mediterranean Sea and NW coast of Africa down to Senegal (Girard, 1982; Goldberg, 1984; Newman 
and killingley, 1985; Bernard, 1988; Barnes, 1996; Cruz and Araújo, 1999; López et al., 2010; Van 
Syoc et al., 2010; Sestelo and Roca-Pardiñas, 2011). 
 
In Portugal, P. pollicipes is a simultaneous hermaphrodite, with recruitment 
period that lasts 8 months (from March to October), which is more intense from 
April to September (Cruz and Araújo, 1999). Each year, the number of broods are 
produced asynchronously, with acorn barnacles C. montagui, and vary from 1 
(crowded animals) to 1 or 2 (small, uncrowded animals) and 4 (large, uncrowded 
animals) (Cruz and Araújo, 1999). Small animals (mean rostrocarinal distance (RC) 
= 1.54 cm; 16,229 eggs) can produced approximately half the number of eggs of 
large animals (mean RC = 1.96 cm; 34,172 eggs) (Cruz and Araújo, 1999). The 
recruitment of P. pollicipes can be approximately 2.5 times higher on low shores 
(subtidal and low intertidal) than on high shores (mid intertidal) and most recruits 
attach to the lower half of adult peduncle (Cruz et al, 2010). 
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Embryo development occurs in mantle cavity of adults, until reaching the first 
stage of nauplii, and includes six free-swimming naupliar stages and one cypris 
stage (Kugele and Yule, 1996; Cruz et al, 2010; Figure 9).  
 
 
Figure 9. Ventral view of the naupliar stages (I-VI) and lateral view of cyprid stage (C) of P. pollicipes. 
Scale bar = 100 µm included (adapted from Kugele and Yule, 1996). 
 
In laboratory, the period for total embryo and larvae development was shown 
to be 1.5-2 months (Kugele and Yule, 1996). The cyprid larvae settlement is 
preferentially conspecific (with and among other P. pollicipes animals) or on 
denuded surfaces, forming tight clusters on exposed rocky shores, outcrops, 
ridges and walls (Cruz et al, 2010). The period of maximum settlement of 
juveniles on conspecific conditions is summer and autumn (average of 15 
juveniles per adult), with a minimum settlement in spring (average of 2 juveniles 
per adult) (Cruz and Araújo, 1999; Cruz et al, 2010). In their first year of life, the 
growth of P. pollicipes juveniles settled on denuded surface was larger, 1.57 
cm/year, than on conspecific conditions, 0.6 cm/year (Cruz and Araújo, 1999; 
Cruz et al, 2010). On the other hand, P. pollicipes from subtidal and low intertidal 
levels showed higher maximum size than from mid intertidal shores, indicating 
faster growth in lower level shores (Cruz and Araújo, 1999; Cruz et al, 2010).   
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Goose barnacles P. pollicipes are slow-growing, reaching sexual maturity only 
after 5 years and living up to 20 years (Morris et al., 1980; Kugele and Yule, 
1996; Cruz et al, 2010). Therefore high levels of contaminants are likely to be 
found in their tissues. 
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Barnacles as Biomonitors of Metal Contamination in Coastal Waters – A 
review  
 
Abstract 
 
The use of barnacles as biomonitors of metal contamination in coastal waters 
worldwide is reviewed as a critique compilation of the reported studies and 
presents resume-tables of available data for future reference. The barnacle 
body reflects both short and long-term metal levels environmental variations 
and the metal bioaccumulation occurs mainly in their granules (relatively 
inactive pools). The barnacle body is considered good biomonitoring material 
and different barnacle species could bioaccumulate metal concentration ranges 
of 40 – 153,000 µg/g of Zn, 20 – 22,230 µg/g de Fe, 1.5 – 21,800 µg/g of Cu, 
5.9 – 4,742 µg/g of Mn, 0.1 – 1,000 µg/g of Pb, 0.7 - 330 µg/g of Cd, 0.4 - 99 
µg/g of Ni and 0.2 - 49 µg/g of Cr. However, as the plates (‘shells’) of barnacle 
exoskeletons can be affected by metal levels in coastal waters, mainly in their 
composition and morphology, they are not considered good biomonitoring 
material. Despite this, the use of a specific barnacle species or group of 
species in a specific region must first be carefully validated and the 
interpretation of the contaminant bioaccumulation levels should involve 
specific environmental variations of the region, physiological parameters of the 
barnacle species and the relationship between the potential toxicity of the 
contaminant for the environment and their significance for the barnacle 
species. Barnacles, particularly a widespread cosmopolitan species such as 
Amphibalanus amphitrite, have a great potential as biomonitors of 
anthropogenic contamination in coastal waters and have been used worldwide, 
including Europe (United Kingdom, Turkey, Poland, Croatia, Spain and 
Portugal), Asia (India and China), Oceania (Australia), North America (Florida, 
Massachusetts and Mexico) and South America (Brazil). The use of barnacle 
species as biomonitors of metal contamination in coastal waters is considered 
an important and valuable tool to evaluate and predict the ecological quality of 
an ecosystem. 
 
Keywords: Barnacle; Biomonitor; Metals; Coastal Waters, Soft Tissues, Barnacle Plates 
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2.1 Introduction 
 
Anthropogenic contaminants reach coastal waters through rivers or directly 
from untreated discharges or atmospheric deposition. The quality of the sea 
water, sediments and biota should be frequently monitored and often involves 
using organisms as biomonitors (Morillo and Usero, 2008). According to 
Barbaro et al. (1978), biomonitor species should present the following main 
characteristics:  
(1) sessile or restricted mobility; 
(2) ubiquitous and sufficiently abundant in the sampling area; 
(3) available in all seasons; 
(4) ease of sampling; 
(5) predisposition for a consistent uptake of contaminants; 
(6) high capacity to accumulate contaminants above environment levels; 
(7) predisposition to retain contaminants for a sufficient time after 
reduction in the environment. 
 
Later, Blackmore (1998) completed the definition of biomonitors as species 
capable of accumulate trace contaminants in their tissues, responding to the 
contaminant bioavailable fraction, which includes the dissolved and particulate 
phases that present the highest ecotoxicological potential. The accumulated 
concentrations in a biomonitor represent the total time-integrated exposure of 
the organism to all sources of bioavailable forms of the contaminant (Rainbow 
et al., 2002). Thus, comparisons between different sites involve recent 
contamination of the biomonitor, allowing both spatial and temporal variation 
studies (Rainbow et al, 2002). Although, the use of a single biomonitor does 
not represent the ecological behaviour of all local biota, extrapolation of the 
conclusions from that site to a regional extension are usually considered of 
some value, by highlighting local bioavailability of the contaminant in at least 
some compartments of the habitat (Barber and Trefry, 1981). However, a more 
complete approach is achieved by using a range of different biomonitors, 
because the presence of an unique cosmopolitan species through all coastal 
waters is extremely rare and the use of a suite of biomonitors can cover all the 
different habitat compartments and therefore potential routes of contaminants 
uptake to local flora and fauna (e.g. solution, seston, sediment, etc.) (Páez-
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Osuna et al., 1999; Rainbow et al, 2002). Various organisms have been used as 
biomonitors to assess contaminant bioavailability in coastal waters worldwide: 
macroalgae, oysters, mussels, clams and barnacles (Ruelas-Inzunza and Páez-
Osuna, 1998). Barnacles are present in different types of locations, with 
different degrees of pollution, so this group of organisms may be considered 
ideal for contaminants biomonitoring programmes (Ruelas-Inzunza and Páez-
Osuna, 1998). Indeed, barnacles normally satisfy all the main characteristics 
proposed by Barbaro et al. (1978).  
 
Metals are particularly toxic and have low or no degradation rates in the 
environment, so biomonitoring of these contaminants is considered an 
important tool for assessing the degree of contamination in coastal waters 
(Morillo et al., 2002).  
 
This work reviews data on the use of barnacles as biomonitors of metal 
availabilities in coastal waters. 
 
2.2 Barnacles as biomonitors of metal contamination in coastal waters 
 
Most of the studies dealing with the kinetics of contaminants in barnacles 
are done by the analysis of the amount of the xenobiotic in the soft tissues of 
the invertebrate. Nevertheless, some work has been done on the potential 
accumulation of metals in the shell plates. 
 
 It should be stated that in this review, the authors used the terms of 
barnacle “soft tissues” as referring to entire barnacle body (head: cirripides or 
feeding legs and mouth; thorax and vestigial abdomen: muscles, stomach, 
intestine, mantle cavity, cement gland, ovaries, eggs and penis) and barnacle 
“hard tissues” as referring to their shell plates.  
 
Much of the literature quoted in this review refers to species of the genus 
Balanus. The taxonomy of this genus has recently been revised by Pitombo 
(2004) with many of these Balanus species being reassigned to new genera, 
many of which were previously subgenera of the very large genus Balanus. In 
order to act as a consistent starting point for future research, this review uses 
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the new generic names throughout, even though the original paper quoted 
would not have used these names.   
 
Specific names remain unchanged, except in the case of Balanus 
uliginosus, which is synonymous with the previously described Balanus 
kondakovi. The species concerned are Amphibalanus amphitrite, 
Amphibalanus eburneus, Amphibalanus improvisus, Fistulobalanus 
dentivarians, Fistulobalanus kondakovi, Megabalanus coccopoma, Perforatus 
perforatus, and Semibalanus balanoides. Balanus trigonus remains as a 
species of Balanus.    
 
2.2.1 Metal accumulation in the soft tissues 
 
The first reported study using barnacles regarding the toxic and poisoning 
effects of anti-fouling agents was published by Bray (1919) who concluded that 
the more effective paints produced leachates highly toxic to the nauplius larva 
of a barnacle. After this study, various chemical means of measuring the loss 
of toxicity from paint films were tested, but only latter, Clarke (1947) 
extensively studied poisoning and recovery in barnacles and mussels. The 
results obtained with the barnacles Semibalanus balanoides and Amphibalanus 
eburneus (Table 1) concluded that a long exposure to high concentrations of 
Cu could kill the barnacle larvae (Clarke, 1947) whereas moderate 
concentrations of Cu retarded and prevented the development of the 
calcareous base needed for the barnacle attachment. Thus, the early 
metamorphose-stage of the barnacles appeared to be the most vulnerable to 
Cu poisoning present in anti-fouling agents.  
 
Alexander and Rowland (1966) measured Zn in soft tissues of 
Amphibalanus amphitrite and Pollicipes polymerus collected from La Jolla and 
from Columbia (USA) coastal shores. The Zn-65 specific activities (
65
Zn: total Zn 
ratio) can be used to estimate biological transport of Zn and obtain Zn 
background levels through the coastal waters. This study showed that body 
tissues of A. amphitrite and P. polymerus accumulated 910 µg Zn/g (dry wt.) 
and 2090 µg Zn/g (dry wt.), respectively, and suggested that in future works 
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barnacles can be used for the estimation of metal levels in marine coastal 
waters (Table 1).  
Ireland (1974) measured Cu, Mn, Pb and Zn in soft tissues of Semibalanus 
balanoides collected from the Cardigan Bay (Wales, UK) and found seasonal 
and spatial variation in metal concentrations, possibly as a result of 
environmental changes in the river flow rates and in the phytoplankton 
productivity (Table 1). Walker et al. (1975) introduced the use of barnacles as 
potential biomonitor organisms of trace metals contamination in coastal 
waters. Walker et al. (1975) used S. balanoides, Elminius modestus and Lepas 
anatifera to study Zn contamination in coastal waters of North Wales (UK). This 
work revealed that barnacles accumulated Zn in their soft tissues, mainly in 
granules of the mid-gut, in levels which directly reflected the concentrations of 
the coastal environment (Table 1). 
 
Stenner and Nickless (1975) measured Cu, Pb and Zn in Amphibalanus 
amphitrite, Balanus perforates and Chthamalus stellatus collected from the Rio 
Tinto estuary (Huelva, Spain) and from the Atlantic coast of Portugal. In this 
study, much higher barnacle soft tissues concentrations of Cu, Pb and Zn were 
found in Rio Tinto estuary than in the Portuguese coast, where barnacle metal 
concentrations have low natural levels (Table 1). 
 
The use of Amphibalanus amphitrite as a potential biomonitor was studied 
in the North Adriatic Lagoons and the authors concluded that it has a high 
uptake capacity to retain Cu, F and Pb, reflecting the proportion of these 
metals in the water (Barbaro et al.,1978).  The bioaccumulation of Cr and Hg in 
the barnacles was detectable but low (Table 1). This study clearly 
demonstrated that A. amphitrite has two important properties to be a suitable 
biomonitor of metal contamination: (1) it has a strong predisposition to uptake 
and retain metals and (2) accumulates metals above environmental levels 
(Barbaro et al.,1978). 
 
Barber and Trefry (1981) showed that barnacles, particularly Amphibalanus 
eburneus, satisfy the characteristics mentioned by barbaro et al. (1978) to be 
considered a good biomonitor: (1) is sessile in the adult stage; (2) is a 
dominant Cirripidea in coastal waters of Eau Gallie Harbor and Indian River 
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Lagoon (Florida); (3) it can be found in all seasons; (4) is easily collected from 
surfaces; (5) presents consistent uptake of Cu and Zn above environment levels 
and (6) is tolerant to low salinities (Table 1). Thus, A. eburneus was considered 
a sensitive biomonitor of Cu and Zn contamination in these coastal waters. Anil 
and Wagh (1988) collected  Amphibalanus amphitrite from the Zuari Estuary in 
west coast of India and showed that A. amphitrite could accumulate 865 µg 
Cu/g and 1937 µg Zn/g in its soft tissues, when the coastal waters only 
presented 1-11 µg Cu/L and 13-46 µg Zn/L (Table 1).  
 
Rainbow (1985) made a laboratory experiment with Elminius modestus and 
showed that this barnacle could accumulate Cd, Cu and Zn in its soft tissues. 
Later, Rainbow (1987) showed that Amphibalanus improvisus from Thames 
estuary (United Kingdom) bioaccumulated high concentrations of Ag, Cd, Cu, 
Fe, Mn and Zn in its body tissues (Rainbow, 1987) (Table 1). Therefore, it was 
possible to assume that areas where barnacles presented high metal 
concentrations had high metal bioavailabilities. Rainbow et al. (2000, 2002, 
2004a) continued their work in Thames estuary (United Kingdom) and Gulf of 
Gdansk (Poland) and measured metal concentrations in mussel tissues (Mytilus 
trossulus), brown seaweed (Fucus vesiculosus), taliprid amphipod crustacean 
(Orchestia gammarellus) and barnacles (A. improvisus). These studies 
concluded that A. improvisus is a suitable monitor of metal bioavailability in 
both United Kingdom and Polish waters (Table 1). 
 
 Philips and Rainbow (1988, 1990), in Hong Kong coastal waters, measured 
Cd, Cr, Cu, Pb and Zn concentrations in the barnacles Capitulum mitella, 
Tetraclita squamosa and Amphibalanus amphitrite and in the mussel Perna 
viridis. This work showed that all biomonitors responded to metal levels of 
waters, although different species accumulate different amounts of metals 
(Table 1). Indeed, this work in Hong Kong coastal waters became one of the 
most complete monitoring programmes of metal contamination in coastal 
waters of the world. Later, Rainbow and Smith (1992) reported the 
concentrations of Ag, Cd, Co, Cr, Cu, Ni, Pb and Zn in A. amphitrite and T. 
squamosa soft tissues from Hong Kong coastal waters and concluded that 
metal availabilities in these waters increased significantly between 1986 and 
1989, particularly in Tolo Harbour (Table 1). Rainbow et al. (1993) expanded 
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the monitoring programme to Fujian Province of China and used A. amphitrite, 
Fistulobalanus kondakovi and T. squamosa. This work confirmed the existence 
of metal contamination in Xiamen and Quanzhou coastal waters, particularly 
with Cu and Zn (Table 1). Blackmore (1996), Blackmore and Chan (1997) and 
Blackmore et al. (1998) measured metal concentrations in soft tissues of A. 
amphitrite and T. squamosa from Hong Kong and Xiamen harbour coastal 
areas, which  showed high spatial and temporal variations, reflecting different 
environmental and anthropogenic sources of metals in each region (Table 1).  
Comparisons of Cd, Cu and Zn levels with the previous studies of Rainbow and 
Smith (1992) and Rainbow et al. (1993) revealed that metal concentrations 
decreased between 1991 and 1996, except for Cu and Zn near an effluent 
outfall (Table 1). Blackmore and Chan (1998) monitored Ag, As, Cd, Cu, Hg, Pb 
and Zn in T. squamosa from Hong Kong and found a 5 fold decreased in the 
concentrations of Cd, Cu and Zn in the barnacle soft tissues over a 10 year 
period (Table 1). Indeed, Blackmore (1999) studied the temporal variations of 
Cd, Cu, Mg, Fe and Zn in soft tissues of T. squamosa and reported significant 
short-temporal metal variation between the summers 1996 – 1997. Rainbow 
and Blackmore (2001) expanded the monitoring programme in 1998 to 
eighteen sites of Hong Kong and eleven metals (Ag, As, Cd, Cr, Co, Cu, Fe, Pb, 
Mn, Ni and Zn) using two barnacles species, A. amphitrite and T. squamosa. 
This study confirmed that the metals bioavailability continued declining in 
Hong Kong coastal waters between 1986 and 1998 which suggests 
environmental protection actions taken by the Government and greater 
industrial awareness to contamination problems (Table 1). This extensive 
biomonitoring programme of metal bioavaibility in Hong Kong coastal waters 
using barnacles started in 1986 and represents a benchmark data for similar 
work elsewhere.  
 
The use of barnacles to monitor metal bioavailabilities also interested 
others researchers of the Pacific coastal waters such as Fialkowski and 
Newman (1998) in Salton Sea (Southern California), Ruelas-Inzunza and Páez-
Osuna (1998, 2000) in Mazatlán harbour (Southeast Gulf of California, Mexico) 
and Páez-Osuna et al. (1999) in subtropical Pacific coast of Mexico. Fialkowski 
and Newman (1998) used A. amphitrite to show that this species was a good 
sentinel organism to monitor trace metals in Salton Sea (Table 1). Ruelas-
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Inzunza and Páez-Osuna (1998, 2000) and Páez-Osuna et al. (1999) showed 
that different barnacle species (Amphibalanus eburneus, Fistulobalanus 
dentivarians and Megabalanus coccopoma) were suitable biomonitors for 
metals in Mexican coastal waters and sensitive to the temporal and spatial 
variations of metal bioavailability (Table 1). These works represented an effort 
to start a metal biomonitoring programme in the Pacific Coast using barnacles.  
 
Later, several researchers continued using successfully barnacles as 
biomonitors of trace metal availabilities in coastal waters. Turkmen et al. 
(2005) showed that Amphibalanus sp. was an efficient metal accumulator, 
especially of Cd and Zn in Iskenderun Bay. Silva et al. (2006) in Potengi estuary 
and Curimataú estuary in south America (Natal, Brazil) using mussels, oysters 
and barnacles concluded that although mussels and oysters have advantages 
relatively to barnacles, given their larger size and easier identification, the 
barnacle Fistulobalanus citerosum was the biomonitor that best discriminated 
metal bioavailabilities between sites in both estuaries (Table 1). Morillo et al. 
(2005, 2008) and Morillo and Usero (2008) started working in southern coast 
of Spain (Huelva estuary and Algeciras Bay) with the barnacle Semibalanus 
balanoides. Morillo et al. (2005) measured Cd, Cu, Fe, Ni, Mn and Zn in S. 
balanoides body tissues and water samples from Huelva estuary, one of the 
most metal-contaminated estuaries in Europe (Table 1). Significant correlations 
between the concentrations of all metals in barnacles and waters were 
obtained. These results confirmed that S. balanoides could be used as a 
biomonitor of metals in Huelva estuary. Morillo et al. (2008) and Morillo and 
Usero (2008) showed that Amphibalanus amphitrite is also a suitable species 
to biomonitor metal contamination in the Huelva estuary and Algeciras Bay. 
These works showed the same significant correlations obtained by Morillo et 
al. (2005) between metal concentrations in A. amphitrite and waters in both 
areas, particularly for Cu, Mn, Ni and Zn. However, metal concentrations in 
Huelva estuary waters were much higher than Algeciras Bay, especially with Cu, 
Mn and Zn (Table 1). 
 
2.2.2 Metal accumulation in the shells 
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The use of shell material as biomonitor of metal availabilities in coastal 
waters was first suggested by Ferrel et al. (1973), but the direct relation 
between shells and metal contamination was only reported by Royo-Gelabert 
and Yule (1994). This last work used Elminius modestus from west coast of 
British Isles (Birkenhead and Connah’s Quay) and concluded that barnacles 
developed larger opercular plates due high metal levels in waters. In 
laboratory, E. modestus and Amphibalanus amphitrite were exposed to Cu 
levels between 100 - 1200 µg/L and those exposed to the highest Cu level 
showed the largest opercular plates. This study suggests a relationship 
between metal contamination and opercular plate dimensions.  
 
Environmental metals can be incorporated into shell plates of barnacles by 
three main processes: (i) metals which are calcium analogs can be transported 
via calcium channels and suffer a similar biomineralization process as calcium 
carbonate formation during growth; (ii) by the “extra-palial” space through 
transcellular routes or directly from external water via pores and (iii) metals 
adsorbed to the organic matrix of the shells, after the matrix is produced, but 
before calcium carbonate is deposited over the matrix (Hockett et al.,1995).  
 
Watson et al. (1995) measured Cu, Mg, Mn, Sr and Zn in shells during the 
growth of Semibalanus balanoides larvae from Anglesey coast, over a period of 
two years. This study confirmed the existence of correlations between the 
concentration of metals in coastal waters and barnacle shells. However, 
barnacle shells were not considered a good biomonitoring material for metal 
contamination, because (1) no reference material existed for marine biogenic 
material, (2) great natural intrapopulation variability existed in shell metal 
concentrations, even between organisms from the same environment, (3) shell 
metal concentrations were strongly correlated with the shell weight, and (4) 
rapid changes in shell metal concentration occur at times of rapid shell growth 
rate. 
 
The studies of Hockett et al. (1995, 1997) measured the concentrations of 
Ca, Cu, Mn, Ni, Pb, Sr and Zn by Electron Probe X-Ray Microanalysis (EPXMA) in 
larvae of Amphibalanus amphitrite during the growth of their plates and 
evaluated the potential use of their shells as chronological record of metal 
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contamination. This study showed that barnacle shell plates can reflect the 
level of some metals present in coastal waters, such as Cu, Mn, Pb, Sr and Zn. 
However, the researchers suggested that the use of more sensitive analytical 
techniques, such as Secondary Ion Mass Spectrometry (SIMS) or Laser 
Microprobe Mass Analysis (LAMMA), could clarify and expand the use of 
barnacle shells as biomonitors of metal concentrations in coastal waters.   
  
2.2.3 Cellular accumulation of metals by barnacles 
 
The metabolic and detoxification strategies of metals by marine organisms 
are an important tool to understand the final destiny of environmental 
contaminants (Nott, 1991). Using X-Ray Microanalysis (XRMA) is usually 
possible to visualize, analyze and quantify intracellular accumulation, sites of 
uptake, transport and excretion of metals in aquatic organisms (Nott, 1991). 
 
Marine invertebrates, such as barnacles, have detoxification strategies 
associated with chemical binding and intracellular compartmentalization (Nott, 
1991). Even within the same class of organisms, differences in the biochemical 
and cellular processes of reduction of metal toxicity may occur. These 
processes of bioreduction of metal may protect the predators which ingest 
metal-contaminated tissues of the prey. 
 
Metallothioneins, such as cadmium and copper binding proteins, are 
probably the most important soluble compounds of the mechanism of metal 
cation homeostasis in the mussel Megabalanus edulis, in the crab Carcinus 
maenas and in the barnacle Semibalanus balanoides (Viarengo and Nott, 
1993). Additionally, lysosomes also have an important biochemical role in 
these metal cations compartmentalization, accumulation and sequestration: 
metallothioneins may be turned over very quickly in a synthesis/autolysis cycle 
and transformed in lysosomes. The metals bound in these metallothioneins 
may be released back into the cytosol and become free to form new soluble 
metallothioneins or incorporated insoluble lysosomal residual bodies (Rainbow, 
1987). Another mechanism of metal detoxification that some aquatic 
organisms, such as barnacles, have is the presence of insoluble rich-metal 
granules which can sequester metal cations. This is not a new discovery, being 
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reported their presence in the mid-gut of the barnacles S. balanoides, Elminius 
modestus and Lepas anatifera (Walker et al., 1975).  
 
 The mechanisms of accumulation of Cd, Cu and Zn by Palaemon elegans, 
Echinogammarus pirloti and Elminius modestus were studied and, particularly, 
E. modestus showed strong net accumulation of Cd, Cu and Zn, without 
evidence of their body regulation to constant levels nor any significant 
excretion (Rainbow and White, 1989).  
 
Later, Pullen and Rainbow (1991) measured Ag, Ca, Cu, Fe, K, Mg, P, S and 
Zn levels in granules extracted from the barnacles Elminius modestus and 
Semibalanus balanoides. The biochemical analysis indicated granules with high 
concentrations of Ca, Fe, K, Mg, P, S and Zn. The Ag and Cu were in much 
lower concentrations. The main form of P in the granules was pyrophosphate 
(P
2
O
7
4-
), orthophosphates and polyphosphates and the main form of S was 
organic.  
 
Masala and O’Brien (2002) and Masala et al. (2002) studied the influence 
of, respectively, Zn and Mn on the formation of synthetic granules of calcium 
pyrophosphate in laboratory. These studies assessed the chemistry of granule 
formation and the synthesis of calcium pyrophosphate under different Zn/Ca 
and Mn/Ca ratios. The results showed that even in the presence of low 
concentrations of Zn and Mn significant variations in the calcium 
pyrophosphate composition of the granules occurred due Zn and Mn 
incorporation into the granules (Ca-P
2
O
7
, Ca-Zn-P
2
O
7
 and Ca-Mn-P
2
O
7
). Latter, 
Masala et al. (2004) analyzed metal concentrations in granules of Tetraclita 
squamosa collected in metal-contaminated Hong Kong coastal waters and 
proved that the most abundant metals in these granules were Ca, Fe and Zn 
and the major anion was phosphate, with lower amounts of oxalates, 
carbonates and sulphides. 
 
2.2.4 Influence of the diet on metal trophic transfer by barnacles 
 
Wang et al. (1999) quantified the trophic transfer of Cd, Cr and Se in the 
barnacle Amphibalanus amphitrite from planktonic preys, in laboratory under 
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controlled conditions, and determined assimilation efficiencies (AEs) and efflux 
rate constants for each metal. The zooplankton diet consisted in brine shrimp 
Artemia salina larvae and copepods Canthocalanus pauper and Temora 
turbinate and the phytoplankton diet was composed by diatoms Skeletonema 
costatum and Chaetoceros muelleri. The Cd, Cr and Se range of AEs from 
zooplankton and phytoplankton diets and their efflux rate constants are shown 
in Table 2. The variability of AEs values were more associated to the 
distribution of metals in the zooplankton diet. Assuming that phytoplankton 
was the main diet source, a simple bioenergetic-based kinetic model predicted 
Cd concentrations similar to real concentrations, but if the main diet source 
was zooplankton, it predicted Cd concentrations were much higher than real 
concentrations. These results demonstrated that trophic transfer appeared to 
be important for metals accumulation in barnacles, particularly for Cd, and it 
must be considered to interpret metal concentrations in barnacles. 
 
The dietary uptake of Cd, Cr and Zn in the barnacle Balanus trigonus from 
zooplankton (copepod Paracalanus aculeatus) and phytoplankton (diatoms 
Thalassiosira weissflogii and Semibalanus costatum, dinoflagellate 
Prorocentrum minimum and prasinophyte Tetraselmis levis) diets was studied 
and the assimilation efficiencies (AEs) and the gut-passage time of each metal 
was analyzed (Wang and Rainbow, 2000). The AEs from zooplankton diet 
(Table 2) are highly related with Cd and Zn concentrations founded in soft 
tissues of copepods (81-82% Cd and 51-58% Zn), particularly from their 
exoskeleton (18-19% Cd and 42-49% Zn). The AEs of Cd and Zn from 
phytoplankton diet were simultaneously related with metal distribution in 
phytoplankton and with the metal gut-passage time, however AEs of Cr were 
only significantly dependent on the gut-passage time (Table 2). The high Cd 
and Zn AEs values can contribute to understand the importance that trophic 
transfer has in the high Cd and Zn concentration found in barnacle tissues. 
 
The trophic transfer of Cd, Cr, Se and Zn to the barnacle Elminius modestus 
from phytoplankton (diatoms Thalassiosira weissflogii and Phaeodactylum 
tricornutum, dinoflagellate Prorocentrum minimum, prasinophyte Tetraselmis 
levis and chlorophyte Chlorella autotrophica) and zooplankton (copepod 
Acartia spinicauda) diets was also studied and assimilation efficiencies (AEs) 
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and efflux rate constants of each metal were determined (Rainbow and Wang, 
2001). The Cd, Cr, Se and Zn AEs of phytoplankton and zooplankton diets and 
efflux rates are shown in Table 2. The AEs of Cd and Se were more dependent 
of cytoplasm metal burden of phytoplankton species. The variations of AEs of 
Cd, Se and Zn were not related to metal concentration in zooplankton diet, 
neither with dissolved metals nor food sources accumulated by copepod prey. 
Comparisons between AEs and efflux rate constants of E. modestus and 
Amphibalanus sp. indicated significant differences in the digestive physiology 
of these two species. The modelling of these results suggested that more than 
97% of each accumulated metal by E. modestus derived from diets, as result of 
high AEs and ingestion activity, showing the significance that trophic transfer 
has in metal accumulation by barnacles. 
 
A field work studying Cd trophic transfer for the barnacle Amphibalanus 
amphitrite from its main food sources, especially suspended particulate 
material (SPM) and microzooplankton was done along the Great Barrier Lagoon 
in Ross Creek (Queensland, Australia) (Silva et al., 2004). The Cd concentration 
in diet did not depend on particle size classes, which showed similar 
concentrations: <0.01-1.15 mg/kg, 0.07-1.62 mg/kg and 0.03-0.80 mg/kg, 
respectively, for small SPM, large SPM and microzooplankton.  However, A. 
amphitrite accumulated 2.15-4.69 mg Cd/kg and 5.47-12.81 mg Cd/kg in 
different sites, revealing significant spatial variations. The Cd concentrations in 
barnacles also presented significant temporal variations, suggesting changes 
in food sources and in their relative abundance. This study concluded that the 
use of barnacles in Cd biomonitoring programmes should include their metal 
sources, such as food and water.  
 
The chemical speciation of Ag, Cd and Zn accumulated in phytoplankton 
and their assimilation efficiencies (AEs) by green mussels Perna viridis, clams 
Ruditapes philippinarum and barnacles Amphibalanus amphitrite were studied 
by Ng et al. (2005) (Table 2). The metals accumulated in phytoplankton were 
partitioned in three fractions: (1) exchangeable metal (adsorbed on the outside 
of the cells); (2) incorporated soluble-metal; and (3) incorporated insoluble-
metal. The main conclusions were that all metal fractions can be bioavailable 
for trophic transfer, even the insoluble fraction, and none of the metal 
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fractions can isolated control metal assimilation in these species and its metal 
bioavailabilities seemed to be controlled by more subtle chemical binding 
processes. 
 
Rainbow and Wang (2005) clearly explained the significance of trace metals 
trophic transfer in barnacles. This study showed that barnacles accumulate 
high metal concentrations in their bodies, due their high metal assimilation 
efficiencies (AEs) and uptake rates from diets and waters. Nevertheless, the 
used kinetic model showed that barnacles have low metal efflux-rate constants, 
which combined with high metal uptake rates, allows barnacles to have the 
highest metal accumulated concentrations among marine invertebrates. 
 
da Silva et al. (2009a) developed a biodynamic model to predict Cd 
concentration in the environment using the biomonitor Amphibalanus 
amphitrite. The development of this model (described in section 2.2.6 of this 
review) included daily environmental variations (hourly dissolved Cd 
concentration in water and time of exposure to Cd sources (low and high tide)) 
and physiological parameters (Cd uptake rate, assimilation efficiency and daily 
efflux rate constant) (Table 2). The results of this work, which indicated that a 
systematic approach, which involves interaction between environment 
parameters and bioaccumulation patterns, should be applied to understand 
metal accumulation in a biomonitor. 
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Table 1. Mean metal concentrations (µg/g, dry wt.) in barnacle body from the sites referenced along Section 2.2.1. 
Species Location Metal concentration in body (µg/g) Reference 
  Cd Cu Zn Cr Fe Mn Ni Pb  
Amphibalanus 
amphitrite 
La Jolla  
(California, USA) 
- - 910 - - - - - Alexander and Rowland (1966) 
Rio Tinto estuary 
(Huelva, Spain)  
and Portuguese 
Coast 
12 550-600 1780-3300 - - - - - Stenner and Nickless (1975) 
Adriatic Lagoons 
(Croatia) 
- 41-109 - 2.1-3.9 - - - 7.1-11.7 Barbaro et al. (1978) 
Zuari estuary  
(India) 
- 846.77 1937.50 - - - - - Anil and Wagh (1988) 
Hong Kong  
(China) 
2.1-10.1 59.3-3472 2726-11990 0.22-28.0 - - - 1.7-39.2 Philips and Rainbow (1988, 1990) 
9.4-30.9 239-4865 5677-15940 - - - - - Rainbow and Smith (1992) 
5.02-11.9 34.4-182 1467-6965 2.13-5.77 - - - - Rainbow et al. (1993) 
4.15-11.1 188-6317 3148-11298 - 1202-5929 17.8-223 - - Blackmore (1996) 
0.87-5.50 29.0-2204 1521-10000 - 816-3126 38.8-277 - - Blackmore et al. (1998) 
0.69-9.45 52.4-1810 2860-23300 <0.5-3.32 313-1470 14.5-95.4 1.25-98.90 0.40-9.08 Rainbow and Blackmore (2001) 
Salton Sea 
(California, USA) 
6-58 40-3750 620-37900 - 450-1150 - - 5-15 Fialkowski and Newman (1998) 
Huelva estuary 
(Spain) 
21-168 3720-9430 19900-48500 - - 168-469 3.7-8.3 - Morillo et al. (2008) 
Algeciras Bay 
(Spain) 
2.1-3.6 94-225 852-4170 - - 26-154 2.7-26 - Morillo et al. (2008) 
Ross Creek 
(Australia) 
2.98-8.40 - - - - - - - Silva et al. (2005) 
Curimataú 
estuary (Brazil) 
5.13 23.6 1185 - 466 9.6 9.1 - Silva et al. (2006) 
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Table 1. (Continuation) 
Species Location Metal concentration in body (µg/g) Reference 
  Cd Cu Zn Cr Fe Mn Ni Pb  
Semibalanus 
balanoides 
Woods Hole  
(USA) 
- 68-104 - - - - - - Clarke (1947) 
Cardigan Bay, 
Wales (UK) 
- 100-700 3000-30000 - - - - 250-1000 Ireland (1974) 
North Wales  
(UK) 
- 46-3750 1028-3438 - - - - - Walker et al. (1975) 
Huelva estuary 
(Spain) 
24-330 2496-21800 11520-101000 - 2020-13700 85-816 4.1-18 - Morillo et al. (2005) 
Amphibalanus 
eburneus 
Woods Hole  
(Massachusetts, 
USA) 
- 8.0-16 - - - - - - Clarke (1947) 
Eau Gallie 
Harbor and 
Indian River 
Lagoon  
(Florida, USA) 
- 11-64 360-12000 - - - - - Barber and Trefry (1981) 
Pacific coast 
(Mexico) 
4.1-4.4 124-148 5589-30030 2.5-4.7 265 28.1-53.0 8.4 12.4-14.8 
Ruelas-Inzunza and  
Páez-Osuna (1998) 
21.8-29.0 63.1 3618-10083 <3.8 503-583 24-38 <8 15.9-29.2 Páez-Osuna et al. (1999) 
Amphibalanus 
improvisus 
Thames estuary 
(UK) 
22.6-27.5 183-913 33000-153000 - 700-5900 38-300 - - Rainbow (1987) 
7.37-9.12 143-239 19040-27790 - 4870-6650 81.4-96.4 - 26.8-57.9 Rainbow et al. (2002) 
Gulf of Gdansk 
(Poland) 
18.7-23.6 42.5-86.2 4962-11062 - 6740-22230 187-307 39.1-59.4 92.0-130 Rainbow et al. (2000) 
3.7-16.5 23.6-70.8 3293-14386 - 818-5395 31.5-399 6.9-61.7 13.5-76.0 Rainbow et al. (2004. a) 
Balanus perforates 
Rio Tinto Estuary 
(Huelva, Spain)  
and Portuguese 
Coast 
6.0 8.0-8.5 40-60 - - - - - 
Stenner and Nickless  
(1975) 
Balanus sp. 
Iskenderun Bay 
(Turkey) 
6.19-22.31 7.62-19.90 46.25-126.24 2.38-7.31 19.92-72.52 
13.97-
21.82 
5.07-38.12 23.14-106.91 Turken et al. (2005) 
Fistulobalanus 
kondakovi 
Hong Kong  
(China) 
5.9-8.7 61.3-90.7 1163-2966 2.50-6.62 - - 2.60-3.17 - Rainbow et al. (1993) 
Fistulobalanus 
citerosum 
Potengi estuary 
(Brazil) 
2.70-4.20 26.4-62.8 1624-1719 - 371-527 9.4-28.1 3.7-12.0 - Silva et al. (2006) 
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Table 1. (Continuation) 
Species Location Metal concentration in body (µg/g) Reference 
  Cd Cu Zn Cr Fe Mn Ni Pb  
Fistulobalanus 
dentivarians 
Pacific coast 
(Mexico) 
1.8 26.1 1676 2.8 - 37.0 10.5 15.5 
Ruelas-Inzunza and Páez-Osuna 
(1998) 
- - - <3.8 - 761 <8 - Páez-Osuna et al. (1999) 
2.5 30 1600 5.0 400 50 12.5 22.5 
Ruelas-Inzunza and Páez-Osuna 
(2000) 
Megabalanus 
coccopoma 
Pacific coast 
(Mexico) 
25.8 25.0 1848 2.2 - 51.7 7.7 12.1 
Ruelas-Inzunza and Páez-Osuna 
(1998) 
- - - <3.8 - 39-4742 <8-11.7 - Páez-Osuna et al. (1999) 
Chtamalus 
stellatus 
Rio Tinto Estuary 
(Huelva, Spain)  
and Portuguese 
Coast 
6.0 6.3-11.3 100-237 - - - - - Stenner and Nickless (1975) 
Tetraclita 
squamosa 
Hong Kong  
(China) 
3.6-7.7 14.9-203 2245-7868 - - - - 2.2-4.9 Philips and Rainbow (1988, 1990) 
8.0-13.7 28.1-81.3 1379-11416 - - - - - Rainbow and Smith (1992) 
16.8-19.9 15.0-16.6 5059-13599 11.1-18.2 - - - - Rainbow et al. (1993) 
2.99-9.52 21.4-40.1 2210-7629 - 691-1403 19.0-110 - - Blackmore (1996) 
0.91-6.49 6.96-25.9 1034-4858 - 164-966 11.3-75.4 - 0.14-1.11 Blackmore and Chan (1997, 1998) 
4.43-5.07 12.4-13.0 2243-2630 - 700-1033 49.6-54.6 - - Blackmore et al. (1998) 
0.79-13.7 5.60-28.5 1020-5490 - 128-2670 5.87-82.5 - - Blackmore (1999) 
2.30-10.20 1.53-21.2 2040-8310 0.72-4.49 160-511 10.5-74.4 0.41-3.41 0.52-4.47 Rainbow and Blackmore (2001) 
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Table 1. (Continuation) 
Species Location Metal concentration in body (µg/g) Reference 
  Cd Cu Zn Cr Fe Mn Ni Pb  
Capitulum mitella 
Hong Kong  
(China) 
2.9-10.0 29.2-545 2852-19890 0.98-48.5 - - - 3.0-8.5 Philips and Rainbow (1988, 1990) 
Lepas anatifera 
North Wales  
(UK) 
 - 138      Walker et al. (1975) 
Pollicipes 
polymerus 
Columbia  
(USA) 
  1490-2090      Alexander and Rowland (1966) 
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Table 2. Metal assimilation efficiencies (%) from different food types and efflux rates (d
-1
) in barnacles referenced along Section 2.2.4. 
Specie Assimilation Efficiency (%) Efflux rate (d
-1
) Reference 
 Diet Ag Cd Cr Se Zn Ag Cd Cr Se Zn  
Amphibalanus 
amphitrite 
 
Zooplankton 
(A. salina) 
(C. pauper) 
(T. turbinate) 
- 53 - 78 32 – 59 63 - 76 - 
- 0.007 0.020 0.014 - 
Wang et al.  
(1999) 
Phytoplankton 
(C. mulleri) 
(S. costatum) 
- 35 - 86 22 – 26 63 - 79 - 
Phytoplankton 
(T. weissflogii) 
15 – 52 40 - 70 - - 62 – 87 0.0154 – 0.0358 0.0083 – 0.0162 - - 0.0035 – 0.0132 
Rainbow et al.  
(2004) 
Phytoplankton 
(T. weissflogii) 
(T. tricornutum) 
(Tetraselmis sp.) 
(Dunaliella sp.) 
55 – 70 25 - 60 - - 40 – 80 - - - - - Ng et al. (2005)  
Phytoplankton 
(T. weissflogii) 
- 26.4 – 87.1 - - - - 0.0072 - - - 
Da Silva et al.  
(2009,a) 
Balanus trigonus 
Zooplankton 
(P. aculeatus) 
- 77 - 78 - - 86 – 88 
- - - - - 
Wang and Rainbow 
(2000) 
Phytoplankton 
(T. weissflogii) 
 (P. minimum) 
(S. costatum) 
(T. levis) 
- 41 - 62 3 – 10 - 54 – 85 
Elminius 
modestus 
Zooplankton 
(A.spinicauda) 
- 64 - 77 - 60 – 87 90 – 94 
- 0.0181 0.0066 0.0137 0.0022 
Rainbow and Wang 
(2001) 
Phytoplankton 
(T. weissflogii) 
 (P. minimum) 
(P. tricornutum) 
(T. levis) 
(C. autotrophica) 
- 21 – 48 8 – 13 34 - 66 37 – 92 
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To better understand the metal trophic transfer cycle, Blackmore (2000) 
studied metal (Cd, Cu and Zn) transference from the barnacles Tetraclita 
squamosa and Amphibalanus amphitrite and from the limpet Siphonaria japonica 
to the predatory gastropod mollusc Thais clavigera in Cape d’Aguilar marine 
Reserve (Hong Kong). The metal concentrations in Thais clavigera were 310 ± 22 
µg Cu/g and 261 ± 11 µg Zn/g, when fed on the barnacle T. squamosa and 183 ± 
14 µg Cu/g and 313 ± 11 µg Zn/g when the preys were Siphonaria japonica and 
A. amphitrite.  No significant differences were found in T. clavigera Cd 
concentration feeding on these two different diets. This work showed clear 
evidence of Cu and Zn accumulation by this predator feeding on limpets and 
barnacles, suggesting that different prey influence metal body burden of 
predators. Later, Blackmore and Morton (2002) studied the Cd, Cu and Zn 
accumulation by gastropod muricid T. clavigera preying barnacles T. squamosa 
and mussels Perna viridis from clean and metal-contaminated sites. T. clavigera 
that was fed with contaminated barnacles and mussels ingested higher amounts 
of Cd, Cu and Zn, but no significant differences were observed in Cd and Cu body 
concentrations from T. clavigera fed on clean preys. Only for Zn, T. clavigera 
reflected the influence of the contaminated diet, particularly individuals that 
ingested barnacles, which can accumulate higher Zn concentrations. This study 
concluded that Cd, Cu and Zn accumulation from diets is complex and varies 
according to metal and prey, but seems to be related with the amount ingested 
and the metal handling strategy of the prey. 
 
2.2.5 Impact of the barnacle shore level position and pre-exposure history 
 
Althaqafi and White (1991) studied the effect of shore position and 
environmental metal levels on body metal burdens in Elminius modestus from 
uncontaminated Menai Strait and contaminated northwest Coast of Anglesey. This 
work measured body weight, shell growth, body and shell metal concentrations 
(Ca, Cu, Fe, Mn and Zn) artificially settled in high, mid and low tide levels. The 
main conclusions of this work were that: (1) barnacles had higher mortality and 
slower growth at the upper shore level; (2) barnacles reflected Cu and Zn 
environmental levels; (3) barnacle soft tissues had higher Zn concentrations at 
upper shore level and (4) barnacle shells had spatial and temporal variations 
closely mirrored with their soft tissues. These variations in metal soft parts and 
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shell concentrations may be dependent on the feeding activity on each shore 
level.  
 
The influence of shore height and metal pollution on fluctuating asymmetry 
(FA) of the barnacle Amphibalanus amphitrite collected along Hong Kong coastal 
waters was assessed by Ho et al. (2009). The FA measures the level of deviation 
from perfect bilateral symmetry in the morphological traits (scutum length, 
tergum length, scutum width and tergum length) in the opercular plates of the 
barnacles, as a result of development instability, and the authors associated FA 
with their shore position (low and mid shores) and metal concentrations in their 
tissues. Mid-shore A. amphitrite showed significantly higher FA levels in scutum 
width than low-shore barnacles, suggesting that FA was trait-dependent and that 
mid-shore barnacles were under high physical stress, such as desiccation and 
high temperature. No significant relationship was obtained between FA and metal 
contamination in low-shore barnacles. However, FA level in tergum length 
increased significantly when Mn body concentration decreased, suggesting 
mechanisms of bioaccumulation and the physiological regulation of Mn during 
the formation of the shell plates. 
 
Rainbow et al. (2003) studied the effects of previous exposure episodes on 
the assimilation efficiency, uptake rate and efflux rate constants of Ag, Cd and Zn 
from water and food by Amphibalanus amphitrite. This study showed that no 
significant differences occurred between the AEs of Ag, Cd and Zn in the 
barnacles from metal-contaminated and clean sites of Hong Kong coastal waters. 
However, uptake rate constants of Cd and Zn varied significantly between 
different populations of A. amphitrite, but no significant correlation between 
uptake rate and accumulated metal concentration were obtained. Thus, previous 
field-exposure history had no effect on the uptake of Cd and Zn from the water. 
The efflux rate constants of Ag, Cd and Zn in A. amphitrite are low in comparison 
to other benthic invertebrates. The decrease of salinity from 33 to 15 caused an 
increase in the uptake of dissolved Cd and Zn in the barnacles from saline sites 
and caused an increase in the uptake of Cd in barnacles from low salinity sites, 
suggesting some physiological changes and acclimation. This study concluded 
that an increase of metal exposure may cause changes in metal uptake rates in 
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coastal invertebrates, but no significant changes in AEs of Cd and Zn were 
obtained. 
 
Rainbow et al. (2004a, 2004b) determined the uptake rate and the 
assimilation efficiencies (AEs) of Ag, Cd and Zn in Amphibalanus amphitrite fed 
by a phytoplankton diet (diatom Thalassiosira weissflogii spiked with low and 
high doses of each metal). This study concluded that a pre-exposure to acute 
metal episodes had no consistent effects in AEs and uptake rates.  Rainbow et al. 
(2004,b) determined Ag, Cd and Zn uptake rates from water, their assimilation 
efficiencies from a diet (diatom Thalassiosira weissflogii) and their efflux rates by 
barnacle A. amphitrite pre-exposed to acute metal contamination (Table 2). The 
results of this work showed that acute pre-exposure episodes to metal 
contamination apparently had no effects in the metal uptake rates, neither in the 
assimilation efficiencies nor in the efflux rates.  These results confirm that 
barnacles are particularly good metal biomonitors because metal accumulation is 
not affected by previous metals exposure with different bioavailabilities, 
confirming an increase in the bioaccumulated concentrations.  
 
Wang and Rainbow (2005) reviewed the influence of metal exposure history 
on metal uptake and accumulation by mussels Perna viridis, clams Ruditapes 
philippinarum and barnacles A. amphitrite and concluded that: (1) generally the 
uptake of dissolved Hg in marine animals is minimized by the pre-exposure to 
Ag, Cd, Cu and Zn; (2) particularly in mussels, pre-exposure to Zn caused 
changes in Cd uptake, probably because mussels have to share transport 
pathways; (3) barnacles were less sensible than mussels to metal exposure, 
because of their rich-metal granules (relatively inactive pools). This work revealed 
that metal levels and their detoxification destiny in marine animals seem to be 
more relevant to metal accumulation than the route of the exposure (aqueous or 
dietary) or the exposure regimes. On other hand, the lack of dependence on 
metallothioneins by A. amphitrite means that pre-exposure episodes does not 
have the same effect on subsequent metal uptake rates as in mussels P. viridis.  
 
2.2.6 Models to study the kinetics of metal accumulation in barnacles 
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In order to better predict metal contamination, different models and 
approaches have been applied. Historically, metal accumulation in organisms has 
been based on metal levels in the environment. Here, we have normalized the 
formulas of the models to the same nomenclature, even though the original 
paper quoted would not have used these terms: (1) dC/dt is the metal 
concentration in the animal at time t (µg g
-1
 d
-1
, dry wt); (2) k
u
 is the metal uptake 
rate from water (L g
-1
 d
-1
); (3) C
w
 is the dissolved metal concentration (µg L
-1
); (4) 
AE is the metal assimilation efficiency from diet; (5) IR is the ingestion rate of the 
animal (g g
-1
 d
-1
 dry wt); (6) C
f
 is the metal concentration (µg g
-1
) from diet; (7) k
e
 is 
the efflux rate constant (d
-1
); (8) g is the growth rate (d
-1
); (9) C
t
 is the accumulated 
metal concentration at time t (µg g
-1
 d
-1
, dry wt); (10) C
ss
 is the metal concentration 
in the animal in steady-state conditions (µg g
-1
, dry wt); (11) T is the time of 
exposure to metal source or the period in which barnacles were underwater (h d
-
1
); (12) CR
b
 is the clearance rate (L mg
-1
 h
-1
); (13) ∑ symbol is the three food items 
(Small Suspended Particulate Material (SSPM), Large Suspended Particulate 
Material (LSPM) and microzooplankton diet); (14) M
f
 is the mass abundance (mg L
-
1
).Wang and Rainbow (2008) used a biokinetic (or biodynamic) model to interpret 
accumulated metal concentrations in different aquatic organisms, such as 
invertebrates and fish. This model was validated comparing field-measured and 
model-predicted metal concentrations, after quantification of the different 
biokinetic parameters in laboratory and geochemical measurements in the field. 
Thus, for the first time, geochemical and biological processes involved in metal 
bioaccumulation are considered simultaneously. Using this biokinetic model 
based in comparisons of metals bioaccumulation, sequestration, tissue 
distribution and elimination between different aquatic species, the understanding 
of the bioaccumulation processes become clearer.  
(1)  =  
(2)  
(3)  
 
The main advantages of using this biokinetic comparative approach are: (1) 
comparisons between species can identify and characterize critical physiological 
processes affecting metal accumulation; (2) can compile a great variability of each 
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biokinetic parameter under different environmental conditions, such as the 
quality of diets; (3) can be used to determine the trophic transfer coefficient of 
metals and predict the biomagnifications of metals in aquatic food webs and (4) 
comparative biokinetic models may have comparatives uses for understanding 
metal toxicity.   
 
Previously, Wang et al. (1999) studied the trophic transfer of Cd, Cr and Se in 
Amphibalanus amphitrite from planktonic diets and determined their assimilation 
efficiencies (AEs) and efflux rate constants. Applying the AE and efflux rate 
constant for Cd, the Cd concentrations in barnacles were estimated by a simple 
bioenergetic-based kinetic model:  
(4)  =  
(5)  
 
This model showed two important conclusions: (1) when phytoplankton is the 
main food source, predicted Cd concentrations were comparable to field 
measurements; (2) when zooplankton is considered the primary Cd source, 
predicted Cd concentrations were much higher than field measurements. This 
study concluded that trophic transfer has an important role in barnacles soft 
tissues metal concentrations and that biological processes are essential to a 
correct interpretation of metal accumulation by barnacles.   
 
Later, Silva et al. (2005) measured Cd in Amphibalanus amphitrite in order to 
test if the biomonitor responded to environmental variations. This work used a 
model to estimate Cd concentration in barnacles based on Wang et al. (1999) 
model: 
(6)  =  
 
This study indicated that Cd food sources contributes >80% to Cd 
accumulation in Amphibalanus amphitrite and that no direct relation seemed to 
exist between Cd in A. amphitrite and in the environment.   
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Rainbow (2007) used the biodynamic model to predict metal accumulation in 
organisms, combining geochemical analyses of environmental metal 
concentrations with physiological parameters of the aquatic invertebrates: 
(7)  
 
This study showed that the accumulated metal concentrations in aquatic 
invertebrates should be interpreted in terms of different metal accumulation 
patterns, dividing metals in two categories: metabolically available metal and 
stored detoxified metal, since the toxicity of metal does not depend on the total 
accumulated metal concentration but is related to internal metabolically available 
metal. da Silva et al. (2009a) also applied the biodynamic model based on field 
data to predict Cd accumulation in Amphibalanus amphitrite. The innovation for 
the model was that it incorporates daily environmental changes, allowing an 
understanding of the effects of short-term variations of Cd in barnacles. This 
study showed that A. amphitrite is a good biomonitor of Cd bioavailability in the 
environment, responding correctly for high and low Cd concentrations in the 
field. This model also showed that the use of A. amphitrite as biomonitor should 
have into account that: (1) variations in mean weight of sampled population may 
affect Cd concentrations; (2) a sampling effort approximately five times greater 
than usual is required to detect environmental changes that real increase the 
main source of Cd to barnacles; (3) barnacle tissues respond better to long-term 
changes of Cd levels.  
 
2.3 Concluding remarks and future trends 
 
The use of barnacles as biomonitors of metal contamination in coastal waters 
has been reviewed to indicate that: 
(1) different barnacle species have been successfully used as biomonitors of 
metal contamination in coastal waters worldwide. However, the use of a 
specific barnacle species or group of species in a specific region must be 
first carefully validated and the interpretation of the contaminants 
bioaccumulation levels should involve: (a) specific environmental 
variations of the region, such as physical-chemical parameters of waters 
and sediments or contaminants levels; (b) physiological parameters of the 
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barnacle species, such as contaminant uptake rate from waters, 
contaminant assimilation efficiency from planktonic food and contaminant 
efflux rate from the barnacle; (c) relationship between the potential 
toxicity of the contaminant for the environment and their significance for 
the barnacle species.    
   
(2) barnacle soft tissues can reflect both short and long-term metal levels 
environmental variations and the metal bioaccumulation occurs mainly in 
their granules (relatively inactive pools). The barnacle soft tissues are 
considered good biomonitoring material. 
 
(3) barnacle shells can also reflect metal levels in coastal waters, but as their 
composition and morphology is directly affected by environmental metal 
contamination, barnacle shells are not considered good biomonitoring 
material.      
(4) soft tissues of different barnacle species could bioaccumulate metal 
concentration ranges of 40–153,000 µg Zn/g, 20-22,230 µg Fe/g, 1.5-
21,800 µg Cu/g, 5.9-4742 µg Mn/g, 0.1-1000 µg Pb/g, 0.7-330 µg Cd/g, 
0.4-99 µg Ni/g  and 0.2-49 µg Cr/g.  
 
(5) Amphibalanus amphitrite is the ideal and cosmopolitan barnacle species 
to be used as biomonitor of anthropogenic contamination in coastal 
waters and had been used worldwide. 
 
The use of barnacle species as biomonitors of metal contamination in coastal 
waters is considered an important and useful tool to evaluate and predict the 
ecological quality of an ecosystem. This research area has been slowly expanding 
to unexploited regions and unreported native species and, in the near future, the 
application of new technological and analytical equipments which are more 
sensitive and rapid, such as Secondary Ion Mass Spectrometry (SIMS), Laser 
Microprobe Mass Analysis (LAMMA) or Isotope Ratio Mass Spectrometry (IRMS), 
will possibly a more reliable monitoring of the physical-chemical environmental 
parameters and barnacle physiological variations. The development of new 
biodynamic models to predict metals levels in the coastal waters will need to be 
accomplished by using these new emerging technologies.        
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The use of barnacles species as biomonitors of PAHs contamination in coastal 
waters is almost unreported. Thus, new research areas must be able to: 
(1) determine PAH concentration in coastal waters and barnacle soft and hard 
tissues to assess whether barnacles species are biomonitors of PAHs 
contamination. New analytical methods must be developed, optimized 
and validated for each PAH compound in each type of sample; 
 
(2) study the cellular accumulation of PAHs by barnacles, in order to identify, 
analyze and quantify the intracellular accumulation and the main 
pathways processes of PAHs uptake, transport and excretion; 
 
(3) study the barnacle PAHs trophic transfer and the different physiological 
parameters of each PAH compound have to be calculated: uptake rate 
constants from water; assimilation efficiencies from planktonic food and 
efflux rate constants by each barnacle species; 
 
(4) develop reliable biodynamic models to predict PAHs concentration in 
coastal waters, in various environmental scenarios. 
 
Accordingly, we envisage a continued growth in research activity in this area 
over the coming years and the publishing of scientific information dealing with 
the use of barnacles as biomonitors of metal and PAHs contamination in coastal 
waters. 
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Chthamalus montagui as Biomonitor of Metal Contamination in the 
Northwest Coast of Portugal 
 
Abstract 
 
The concentrations of seven metals (Cd, Cr, Cu, Fe, Mn, Ni and Zn) were 
determined in coastal seawaters and soft and hard tissues of the barnacle 
Chthamalus montagui from the northwest coast of Portugal to assess the 
potential use of C. montagui as biomonitor of metal contamination. The results of 
this study showed that C. montagui soft tissues can be used for monitoring metal 
bioavailabilities in these coastal seawaters: (1) there were significant correlations 
(p<0.05) between the metal concentrations in soft tissues and their 
concentrations in seawaters and (2) barnacle soft tissues were sensitive to spatial 
variation of metal bioavailabilities, accumulating different amounts of metals in 
different locations. The range of concentrations in tissues were: 0.59–1.7 mg Cd 
kg
−1
, 0.5–3.2 mg Cr kg−1, 0.72–3.0 mg Ni kg−1, 1.2–6.7 mg Cu kg−1,9–26 mg Mn 
kg
−1
, 214–785 mg Fe kg−1 and 178–956 mg Zn kg−1; (3) mean logarithmic 
bioaccumulation factors (log BAF) of Fe, Cr and Cd were higher, 5.49, 4.93 and 
4.46, respectively, than mean log BAFs of Mn, Zn, Cu and Ni, 4.03, 3.97, 3.74 and 
3.61, respectively. In contrary, C. montagui shell plates were not a good matrix to 
monitor metal bioavailability in these coastal seawaters, with no significant 
correlations (p<0.05) between metal concentrations in the shell and in seawater. 
Regarding the high Zn concentrations obtained in the coastal seawaters and C. 
montagui soft tissues, all seawaters from northwest coast of Portugal should be 
classified as “moderately/remarkably polluted”. 
 
 
 
Keywords: Barnacle; Chthamalus montagui; Biomonitor; Metals; Coastal waters; 
Portugal 
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3.1 Introduction 
 
A biomonitor of anthropogenic contamination should be a species: (1) sessile 
or with restricted mobility, (2) ubiquitous and sufficiently abundant in the 
sampling area, (3) available in all seasons, (4) easy of sampling, (5) with 
predisposition for a consistent uptake of contaminants, (6) with high capacity to 
accumulate contaminants above environment levels and (7) with predisposition to 
retain contaminants for a sufficient time after reduction in the environment 
(Barbaro et al., 1978). On other hand, biomonitor species should be capable of 
accumulating trace contaminants in their tissues, responding to the contaminant 
bioavailable fractions (dissolved and particulate phases; Blackmore et al., 1998). 
Macroalgae, oysters, mussels, clams and barnacles are examples of organisms 
that have these characteristics and have been used as biomonitors of 
contaminant bioavailabilities in coastal waters (Ruelas-lnzunza and Páez-Osuna, 
1998; Philips and Rainbow, 1988, 1990; Rainbow and Smith, 1992; Fialkowski 
and Newman, 1998; Morillo et al., 2008 and Morillo and Usero, 2008). 
 
Different barnacle species have been used around the world to estimate metal 
levels in marine waters (Alexander and Rowland, 1966; Stenner and Nickless, 
1975; Barbaro et al., 1978; Anil and Wagh, 1988; Philips and Rainbow, 1988, 
1990 and Rainbow and Smith, 1992). These works monitored several metals (Ag, 
Cd, Co, Cr, Cu, Ni, Pb and Zn) and showed that all barnacle species responded to 
the metal levels in the waters, although different species accumulated different 
amounts of metals. Metal levels accumulated in barnacle tissues also showed 
significant spatial and temporal variations, influenced by metal sources of each 
region at each season (Blackmore and Chan, 1997; Blackmore et al., 1998; 
Blackmore, 1999). The extensive biomonitoring programme of metal 
contamination in Hong Kong coastal waters using different barnacle species, 
between 1986 and 1998, represented a benchmark for similar works elsewhere in 
the world (Rainbow and Blackmore, 2001). The cosmopolitan barnacle 
Amphibalanus amphitrite is considered a good organism to monitor metals in 
different parts of the world since it showed significant correlations between metal 
concentrations in its tissues and in environmental coastal waters, particularly for 
Cu, Mn, Ni and Zn (Fialkowski and Newman, 1998; Morillo et al., 2008; Morillo 
and Usero, 2008). Acorn barnacles Semibalanus balanoides, Elminius modestus 
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and Lepas anatifera from coastal waters of North Wales (UK) accumulated high 
concentrations of Zn in their soft tissues, mainly in granules of the midgut, which 
directly reflected environmental concentrations (Walker et al., 1975). Other 
studies also concluded that different species of barnacles can be successfully 
used as biomonitors of metal availabilities in coastal waters and had good spatial 
discrimination (Rainbow et al., 2000, 2002, 2004a; Turkmen et al., 2005; Silva et 
al., 2006). 
 
However, acorn barnacle Chthamalus montagui has never been used as 
biomonitor of metal contamination in coastal waters, and it is the dominant 
species in the northwest (NW) Atlantic coast of Portugal. Thus, the main 
objectives of this study are: 
1. To evaluate the potential use of C. montagui as biomonitor of metal 
contamination in NW Atlantic coast of Portugal; 
2. To increase the information on metal concentrations in coastal seawaters 
and tissues of C. montagui of NW coast of Portugal. This data collection 
will allow to construct a database for comparison purposes in future works; 
3. To assess spatial variations of metal bioavailabilities along NW coast of 
Portugal; 
4. To establish relationships between metals in coastal seawaters and C. 
montagui tissues from NW coast of Portugal; 
5. To calculate bioaccumulation factors of metals in soft tissues of C. 
montagui from NW coast of Portugal. 
 
3.2 Materials and methods 
3.2.1 Study area 
 
Twenty-two sampling sites were chosen along NW coast of Portugal, between 
the cities of Esmoriz (location 0) and Moledo (location 21; Fig. 1). They were set 
in places that can be influenced by anthropogenic activity such as beaches, 
marinas, river mouths, industrial and domestic effluents. As examples: 
1. “Paramos” (location 1) is located near a wastewater treatment plant, which 
was under-dimensioned and cannot treat all the receiving load; 
2. “Valadares” (location 2) and “Canidelo” (location 3), located southwards of 
Douro estuary, are under influence of potential contamination from Oporto 
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southwards water currents promoted by northwesterly winds (Martins et 
al., 2002); 
3. “Foz” (location 4), located in downstream of Douro estuary, is surrounded 
by the second largest urban area of the country, Oporto, which shows high 
anthropogenic contamination (Martins et al., 2002); 
4. “Leça da Palmeira” (location 8) is near to an oil refinery plant, where 
organic and inorganic contamination may be expected; 
5. “Vila do Conde” (locations 14 and 15) urban area involves a coastal region 
already considered contaminated by the Portuguese Water Institute (INAG), 
which is directly affected by untreated industrial and domestic effluents 
(Salvado, 2009); 
6. “Póvoa de Varzim” (location 16) and “Viana do Castelo” (location 19) are 
areas potentially contaminated by industrial and domestic effluents and by 
naval shipyard influences, which can contribute with discharges of wastes 
from tanker washings and ballast; 
7. “Moledo” (location 21) is a coastal area located southwards of Minho 
estuary, which can be influenced by anthropogenic metal contamination. 
 
 
Fig. 1 Geographical distribution of the 22 sampling locations along the NW coast of Portugal. 
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Table 1. Classification of the seawater in the 22 locations of the NW coast of Portugal.  
 
Location 
Geographical 
Coordinates 
Description Reference 
0 Esmoriz 
40º 57´ 28.10” N 
8º 39’ 25.19” W 
Seawall; Classification
a): “Good”; south of the Lagoon 
“Barrinha de Esmoriz”; domestic sewage and industrial 
effluents.  
Fernandes et al., 2008;  
Salvado, 2009 
1 Paramos 
40º 58´ 24.56” N 
8º 39’ 1.76” W 
Seawall; Classification
a): “Good”; north of the Lagoon 
“Barrinha de Esmoriz”; domestic sewage and industrial 
effluents. 
Fernandes et al., 2008;  
Salvado, 2009 
2 Valadares 
41º 6´ 19.69” N 
8º 39’ 50.79” W 
Rock/Sand Beach; Classification
a): “Bad”; domestic 
sewage. 
Salvado, 2009 
3 Canidelo 
41º 8´ 13.18” N 
8º 40’ 5.57” W 
Rock/Sand Beach; Classification
a): “Aceptable”; south 
bank of River Douro mouth; domestic sewage and 
industrial effluents.  
Salvado, 2009 
4 Foz 
41º 8´ 57.69” N 
8º 40’ 36.02” W 
Rock/Sand Beach; Classification
a): “Good”; north bank of 
River Douro mouth; domestic sewage and industrial 
effluents.  
Salvado, 2009 
5 Gondarém 
41º 9´ 30.56” N 
8º 41’ 4.29” W 
Rock/Sand Beach; Classification
a): “Acceptable”; urban 
centre of Oporto city. 
Salvado, 2009 
6 Castelo do Queijo 
41º 10´ 10.74” N 
8º 41’ 21.21” W 
Rock/Sand Beach; Classification
a): “Acceptable”; urban 
centre of Oporto city. 
Salvado, 2009 
7 Matosinhos 
41º 10´ 43.40” N 
8º 41’ 52.33” W 
Seawall; Classification
a): “Acceptable”; urban centre of 
Oporto city. 
Salvado, 2009 
8 Leça da Palmeira 
41º 11´ 33.81” N 
8º 42’ 28.88” W 
Rock/Sand Beach; Classification
a): “Acceptable”; 
urban/industrial centre of Oporto metropolitan area; 
fuel refinery activities. 
Salvado, 2009 
9 Aterro 
41º 12´ 31.90” N 
8º 42’ 58.45” W 
Rock/Sand Beach; Classification
a): “Good”; industrial 
centre of Oporto metropolitan area; fuel refinery 
activities. 
Salvado, 2009 
10 Cabo do Mundo 
41º 13´ 33.62” N 
8º 43’ 3.01” W 
Rock/Sand Beach; Classification
a): “Good”; 
urban/industrial centre of Oporto metropolitan area; 
fuel refinery activities. 
Salvado, 2009 
11 Labruge 
41º 16´ 14.96” N 
8º 43’ 42.43” W 
Rock/Sand Beach; Classification
a): “Acceptable”; 
urban/agricultural activities; small piscatorial village. 
Salvado, 2009 
12 Vila Chã 
41º 17´ 33.93” N 
8º 44’ 5.39” W 
Rock/Sand Beach; Classification
a): “Acceptable”; 
urban/agricultural activities; small piscatorial village. 
Salvado, 2009 
13 Árvore 
41º 20´ 19.24” N 
8º 44’ 51.19” W 
Seawall; Classification
a): “Interdict”; south bank of River 
Ave mouth; domestic sewage and industrial effluents. 
Salvado, 2009 
14 Vila do Conde (South) 
41º 20´ 20.23” N 
8º 44’ 57.15” W 
Seawall; Classification
a): “Bad”; north bank of River Ave 
mouth; domestic sewage and industrial effluents. 
Salvado, 2009 
15 Vila do Conde 
41º 21´ 4.81” N 
8º 45’ 19.03” W 
Rock/Sand Beach; Classification
a): “Bad”; urban centre; 
domestic sewage and industrial effluents. 
Salvado, 2009 
16 Póvoa de Varzim 
41º 21´ 57.80” N 
8º 45’ 46.42” W 
Seawall; Classification
a): “Good”; south of urban centre 
of “Póvoa de Varzim” city; domestic sewage and 
industrial effluents. 
Salvado, 2009 
17 Fão-Ofir 
41º 30´ 56.46” N 
8º 47’ 19.27” W 
Seawall; Classification
a): “Aceptable”; south of river 
Cavado mouth; agricultural/industrial effluents.  
Salvado, 2009 
18 Esposende 
41º 32´ 30.22” N 
8º 47’ 36.20” W 
Seawall; Classification
a): “Aceptable”; north of river 
Cavado mouth; agricultural/industrial effluents.  
Salvado, 2009 
19 Viana do Castelo 
41º 40´ 39.48” N 
8º 50’ 14.32” W 
Seawall; Classification
a): “Good”; north of river Lima 
mouth; naval shipyards and metallurgic activities; 
domestic sewage and industrial effluents. 
Salvado, 2009 
20 Forte do Paçô 
41º 45´ 41.89” N 
8º 52’ 42.80” W 
Rock/Sand Beach; Classification
a): “Good”; near a Station 
Wastewater Treatment. 
Salvado, 2009 
21 Moledo 
41º 50´ 50.12” N 
8º 52’ 4.24” W 
Rock/Sand Beach; Classification
a): “Good”; south of river 
Minho mouth; domestic sewage and agricultural 
activities. 
Salvado, 2009 
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a 
Classification of bath/recreation coastal water attributed by Portuguese Water Institute (INAG) based on 
physical, chemical and microbiological parameters, in accordance with national (Decree 236/98 of 1st August) 
and international (European Community Directive 76/170/EEC) laws. 
 
All these coastal waters (location 0 to location 21) were classified by the INAG 
as “good/acceptable” quality, except locations 2 (“Valadares”),13 (“Árvore”), 14 
(“Vila do Conde”) and 15 (“Vila do Conde–Norte”), which were classified as 
“bad/interdicted” for recreation use due to high concentrations of pathogenic 
microorganisms (Salvado, 2009; Table 1). 
 
3.2.2 Reagents and material 
 
All reagents used in this work were at least of pro analysis or equivalent 
grade, without further purification: nitric acid (Fluka, Suprapure) and acetone 
(Fluka, HPLC). Metal standard solutions used in the analysis were daily prepared 
by weight from a stock solution of 1,000 mg L
−1
 (Fluka, pro analysis). Solutions 
were prepared with high-purity water from a Milli-Q system (conductivity, 0.054 
μS cm−1 at 25°C). All materials (sampling and treatment) used in this work were 
previously decontaminated in nitric acid solution (20%, v/v), at least for 24 h, 
washed with deionised water (conductivity <0.066 μS cm−1 at 25°C) and dried in 
the oven (APHA, 1998a). 
 
3.2.3 Sampling strategy and analytical methods 
3.2.3.1 Coastal seawaters 
 
At summer of 2009, three independent seawater replicates (n=3) were 
collected in each site and stored in 500-mL polyethylene bottles which were 
previously decontaminated. In situ, the main physicochemical parameters were 
measured as described by Reis et al. (2009): temperature, conductivity, total 
dissolved solids, redox potential, salinity and dissolved oxygen. In laboratory, 
samples were immediately filtered (Whatman cellulose nitrate membrane; 0.45 
μm), acidified to pH below 2 and frozen at −8°C until analysis. 
 
Metals (Cd, Cr, Cu, Fe, Mn, Ni and Zn) were determined by atomic absorption 
spectrometry (SpectrAA 220 FS, Varian) with flame atomization (Marck 7, Varian) 
and electrothermal atomization (Autosampler GTA 110, Varian), and with 
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deuterium background correction system. The dissolved metal concentrations 
were analysed according to APHA (1998b, c). The metal extraction method used 
to pre-concentrate vestigial concentrations from seawater samples and to remove 
interfering ions was based in Chelex-100 (functional iminodiacetic acid groups) 
chelating resin. This final optimized method adapted from Vasconcelos and Leal 
(1997) consisted in the following steps: 
1. Filling a solid phase extraction column (GracePure, 5 mL) with 1.0 g of 
Chelex-100 (Fluka, Na
+
 form, 100–200 mesh) and adjust the flow rate of 
the extraction manifold system (Waters; model WAT200677) to 5 mL min
−1
; 
2. Pre-cleaning the resin with 5 mL of 2 mol L
−1
 HNO
3
 solution (two bed 
volumes) and 15 mL of ultrapure water (at least five bed volumes); 
3. Regenerating the resin with 5 mL of 2 mol L
−1
 NH
3
 solution (two bed 
volumes); 
4. Conditioning the resin with 5 mL of 0.05 mol L
−1
 NH
4
CH
3
COO solution (two 
bed volumes); 
5. Passing 250 mL of seawater sample at pH=8 (adjusted with 7 mol L
−1
 NaOH 
solution and buffered with 4 mol L
−1
 NH
4
CH
3
COO solution); 
6. Removing matrix sample from the resin with 5 mL of ultrapure water (two 
bed volumes); 
7. Metal elution with 5 mL of 2 mol L
−1
 HNO
3
 solution, which allows a 50-fold 
concentration factor (two bed volumes).  
 
Seawater samples were spiked with known amounts of metals to check the 
suitability of this analytical procedure for coastal seawater. The analyses of the 
seawaters spiked revealed satisfactory mean recoveries for all elements, which 
were higher than 88% (Table 3). 
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Table 2. Physico-chemical parameters measured in the coastal seawater at the 22 sampling locations 
Sampling 
Location 
Physico-chemical Parameter
a) 
Temperature 
(ºC) 
Conductivity 
(mS.cm
-1
) 
Oxidation 
Reduction 
Potential (mV) 
Salinity  
(psu) 
Dissolved 
oxygen 
(mg.L
-1
) 
0 14.50 ± 0.28 38.55 ± 0.07 -198.50 ± 0.71 30.35 ± 0.49 10.12 ± 0.17 
1 14.95 ± 0.21 39.95 ± 0.07 -154.60 ± 0.57 32.10 ± 0.14 10.10 ± 0.14 
2 15.00 ± 0.14 41.90 ± 0.14 -143.85 ± 0.21 33.50 ± 0.71 10.11 ± 0.15 
3 13.70 ± 0.10 36.85 ± 0.21 -174.65 ± 0.49 24.35 ± 0.49 10.19 ± 0.26 
4 13.53 ± 0.06 31.65 ± 0.49 -163.65 ± 0.49 24.25 ± 0.35 10.23 ± 0.32 
5 13.63 ± 0.06 30.95 ± 0.07 -184.20 ± 1.13 24.90 ± 0.14 10.25 ± 0.35 
6 13.43 ± 0.32 28.95 ± 0.07 -255.80 ± 0.28 23.15 ± 0.21 10.22 ± 0.30 
7 13.55 ± 0.35 29.10 ± 0.14 -258.85 ± 0.21 23.35 ± 0.49 10.22 ± 0.31 
8 13.53 ± 0.38 29.95 ± 0.07 -228.45 ± 0.78 24.10 ± 0.14 10.25 ± 0.35 
9 14.00 ± 0.14 32.70 ± 0.42 -148.10 ± 0.14 26.15 ± 0.21 10.20 ± 0.28 
10 14.15 ± 0.07 33.70 ± 0.50 -170.85 ± 0.21 27.55 ± 0.64 10.34 ± 0.48 
11 14.25 ± 0.05 38.85 ± 0.21 -189.35 ± 0.49 30.30 ± 0.42 10.16 ± 0.23 
12 14.15 ± 0.07 36.70 ± 0.42 -178.15 ± 0.21 29.95 ± 0.07 10.21 ± 0.30 
13 13.20 ± 0.14 14.55 ± 0.08 -148.15 ± 0.21 11.78 ± 0.32 10.24 ± 0.33 
14 12.80 ± 0.10 22.20 ± 0.14 -341.25 ± 0.35 2.00 ± 0.40 10.24 ± 0.34 
15 14.03 ± 0.06 36.20 ± 0.15 -186.05 ± 0.07 29.25 ± 0.35 10.26 ± 0.36 
16 14.45 ± 0.07 37.40 ± 0.14 -141.15 ± 0.21 30.15 ± 0.21 11.14 ± 0.19 
17 14.30 ± 0.10 38.80 ± 0.14 -58.80 ± 0.28 31.65 ± 0.07 10.17 ± 0.24 
18 14.37 ± 0.06 39.80 ± 0.28 -99.05 ± 0.07 32.47 ± 0.15 10.41 ± 0.04 
19 13.37 ± 0.06 21.23 ± 0.10 -140.20 ± 0.28 16.90 ± 0.11 10.57 ± 0.02 
20 13.50 ± 0.10 16.80 ± 0.14 -65.05 ± 0.07 36.40 ± 1.27 10.15 ± 0.21 
21 13.80 ± 0.10 13.20 ± 0.14 -66.15 ± 0.21 23.10 ± 0.26 10.77 ± 0.27 
 
a) Mean ± standard deviation (n=3). 
 
3.2.3.2 C. montagui 
 
Barnacles were simultaneously collected in the same sampling sites as 
seawater samples. At least 300 organisms of approximately the same size (1–5 
mm rostro-carinal axis) were collected from intertidal rocks, placed in plastic 
bags and transported in refrigerated containers to the laboratory within 8 h. 
 
The entire body (soft tissue) of C. montagui individuals was dissected and 
separated from their shell plates (hard tissue) and pooled to form three replicates 
of 100 individuals in each site. In accordance with similar studies, barnacle soft 
tissues were not depurated (Ruelas-Inzunza and Paez-Osuna, 2000; Rainbow et 
al., 2000; Rainbow and Blackmore, 2001; Morillo et al., 2005; Morillo and Usero, 
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2008). However, shell plates were pre-cleaned with acetone for 16 min in an 
ultrasonic bath, as in Watson et al. (1995). Both types of tissues (soft and hard 
tissues) were dried until constant weight and homogenised. Among replicate 
samples, there were no significant differences (p<0.05) in the mean dry weight of 
ten pooled individuals, which means that the effect of body size on accumulated 
trace metals can be ruled out (Morillo et al., 2005; Morillo and Usero, 2008). 
 
For metal analyses, dried tissues (300 mg) were digested with diluted HNO3 
solution (27%, v/v) in an adapted domestic microwave system (model no. NE- 
1037, Panasonic) using Parr teflon bombs (Parr 4782), at high pressure, following 
the method described by Reis and Almeida (2008). Total metal concentrations 
(Cd, Cr, Cu, Fe, Mn, Ni and Zn) were determined by atomic absorption 
spectrometry with flame atomization (AAS-Flame) and electrothermal atomization 
(AASET). The working parameters and matrix modifiers employed were those 
recommended by the Varian analytical methods for AAS-Flame and AAS-ET 
(Varian, 1988, 1989). 
 
C. montagui samples spiked with known amounts of metals and standard 
reference material (National Institute of Standards and Technology (NIST) 
Standard Reference Material (SRM) 2976) certified for trace metals in mussel 
tissues were used to check, respectively, potential matrix effects and the 
suitability of the analytical procedure for barnacle tissues. The analysis of the 
spiked barnacle soft tissues, spiked barnacle hard tissues and NIST SRM 2976 
also revealed satisfactory recoveries for all elements, which were above 90%, 86% 
and 88%, respectively (Tables 3 and 4). 
 
For each solution analysed (seawater or tissue sample), Varian software was 
programmed to comply with a precision below 10% between readings, in a 
maximum of four readings per replicate, to assure reproducibility of the 
measurements. External calibrations were carried out with aqueous standards 
solutions. Blank solutions were prepared following the respective sample 
treatment, and metal levels in blank solutions were always below the limit of 
detection of the analytical procedure (Tables 3 and 4). The detection limits were 
calculated using the procedure recommended by APHA (1998d). 
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3.2.4 Data analysis 
 
Three replicates per sample were treated and analysed separately, and the 
respective average and standard deviation were calculated (n=3). To compare 
similarity between locations, “Cluster” analyses based on Bray–Curtis similarity 
matrix and data logarithmic normalization were applied using PRIMER package 
(Clarke and Warwick 2001). Significant differences of metal concentrations 
between locations were tested using ANOVA and Student’s t test after testing 
data normality with Shapiro–Wilk test. Two levels of significance were considered: 
p=0.05, significant and p=0.001, very significant. 
 
3.3 Results and discussion 
3.3.1 Coastal seawater – physicochemical parameters and dissolved metal 
concentrations 
 
The characterization and classification of the coastal waters of each sampling 
location are shown in Table 1. The physicochemical parameters and dissolved 
metal concentrations of the seawaters from NW coast of Portugal are shown, 
respectively, in Tables 2 and 3. 
 
The abiotic parameters of seawaters followed the typical values of sampling 
season and geographical location: temperatures between 12.80°C and 15.00°C 
(spring), salinities between 2.00 and 36.40‰ (estuarine or marine area), dissolved 
oxygens above 10.10 mg L
−1
 (O2 saturation), potential redox between −341.25 
and −58.80 mV (estuarine or marine area) and conductivities between 13.20 and 
41.90 mS cm
−1
 (estuarine or marine area). These values are similar to previous 
studies in the Portuguese coastal seawaters (Salvado, 2009). 
 
Metal distribution showed high spatial variation along the coast: 7–37 ng Cr 
L
−1
; 20–130 ng Cd L−1; 180–1,314 ng Ni L−1; 235–1,402 ng Cu L−1; 651– 6,135 ng 
Mn L
−1
; 654–37,578 ng Fe L−1 and 39,733– 66,786 ng Zn L−1. Some locations 
showed high metal concentrations, reflecting their proximity to urban areas: 
“Paramos”, “Matosinhos”, “Vila do Conde” and “Viana do Castelo” showed high 
concentrations of Cr, Fe and Mn, while waters near “Valadares”, “Foz” and 
“Moledo” had high concentrations of Cd, Zn as well as Mn. On the other hand, 
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coastal seawaters near “Foz”, “Aterro”, “Vila Chã” and “Moledo” showed low 
concentrations of Cu and Cr, “Vila do Conde” and “Forte do Paçô” showed low 
concentrations of Mn and Zn, and “Póvoa de Varzim” showed minimum 
concentrations of Fe. 
 
Table 3. Metal concentrations (ng.L
-1
) in seawater at the 22 sampling locations. 
Sampling 
Location 
Element (ng.L
-1
) 
Cd Cr Cu Mn Ni Zn Fe 
Limit of detection 2 4 151 287 2 2000 292 
Sample spiked  
recoveries (%) 
90 ± 12 105 ± 12 101 ± 1 88 ± 7 98 ± 8 112 ± 2 93 ± 17 
0 28 ± 1 33 ± 5 338 ± 81 894 ± 176 248 ± 40 46604 ± 280 932 ± 156 
1 33 ± 7 30 ± 5 479 ± 24 1510 ± 175 204 ± 7 53754 ± 1272 1601 ± 174 
2 89 ± 2 22 ± 2 481 ± 48 1081 ± 105 226 ± 44 66326 ± 265 1149 ± 167 
3 40 ± 2 17 ± 2 348 ± 64 1633 ± 162 340 ± 41 66786 ± 4009 1307 ± 372 
4 130 ± 1 18 ± 3 473 ± 98 883 ± 88 180 ± 5 54013 ± 2238 893 ± 141 
5 26 ± 1 37 ± 7 261 ± 26 1019 ± 99 201 ± 9 51036 ± 204 960 ± 84 
6 26 ± 5 31 ± 8 1402 ± 347 2424 ± 225 273 ± 20 49191 ± 246 1601 ± 271 
7 20 ± 4 30 ± 3 532 ± 52 2946 ± 277 343 ± 22 52224 ± 209 1491 ± 58 
8 21 ± 5 18 ± 2 618 ± 62 882 ± 86 162 ± 13 53246 ± 160 865 ± 93 
9 26 ± 5 14 ± 2 546 ± 48 1196 ± 118 300 ± 25 55699 ± 2367 962 ± 243 
10 20 ± 1 18 ± 4 627 ± 130 1032 ± 99 882 ± 11 56953 ± 285 882 ± 86 
11 26 ± 5 23 ± 2 447 ± 123 1668 ± 95 184 ± 38 52973 ± 212 1050 ± 287 
12 30 ± 1 7 ± 3 235 ± 65 1024 ± 100 1189 ± 83 47487 ± 8497 839 ± 82 
13 19 ± 2 19 ± 1 373 ± 37 1515 ± 20 291 ± 23 50384 ± 202 37578 ± 2693
A 
14 21 ± 2 26 ± 3 581 ± 56 6135 ± 979
A 
519 ± 16 52047 ± 1761 969 ± 101 
15 34 ± 4 13 ± 1 451 ± 92 1252 ± 41 288 ± 34 39811 ± 516 1021 ± 99 
16 35 ± 1 15 ± 1 888 ± 89 1777 ± 172 1314 ± 208 47758 ± 2465 654 ± 65 
17 36 ± 6 16 ± 3 328 ± 3 888 ± 113 788 ± 162 48511 ± 243 1209 ± 128 
18 46 ± 4 13 ± 1 490 ± 46 1791 ± 208 413 ± 72 44627 ± 223 1454 ± 142 
19 39 ± 9 25 ± 2 313 ± 56 2976 ± 244
A 
586 ± 39 49531 ± 6722 1307 ± 123 
20 32 ± 5 26 ± 3 480 ± 56 651 ± 87 273 ± 25 39733 ± 119 1360 ± 210 
21 77 ± 4 10 ± 1 636 ± 59 2600 ± 624 521 ± 84 51527 ± 309 903 ± 89 
Mean ± standard 
deviation 
39 ± 27 21 ± 8 510 ± 246 1433 ± 629 445 ± 329 51374 ± 6597 1115 ± 273 
 
Limits of detection and recovery percentages of the samples spiked with known amounts of metals are also 
included. Mean ± standard deviation (n=3). 
a 
Outlier value and not considered in calculation of mean ± standard deviation. 
 
Comparing these results with Norwegian Pollution Control Authority 
guidelines for metals in coastal seawaters (SFT TA-2229/2007), all locations 
along NW coast of Portugal can be classified as “class I–background level” or 
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“class II–good”, except for Zn. Regarding Zn concentrations (>6,000 ng L−1), all 
coastal seawaters should be classified as “bad/ very bad” (SFT, 2007). 
  
3.3.2 Barnacle soft tissues – total metal concentrations 
 
Total metal concentrations obtained in C. montagui soft tissues are shown in 
Table 4. They showed high spatial variations along NW coast of Portugal, and 
their ranges were: 0.59–1.7mg Cd kg−1; 0.5–3.2 mg Cr kg−1; 0.72–3.0 mg Ni kg−1; 
1.2–6.7 mg Cu kg−1; 9–26 mg Mn kg−1; 214–785 mg Fe kg−1and 178–956 mg Zn 
kg
−1
. 
 
In general, the metals accumulated in barnacle soft tissues seem to reflect the 
concentrations of metals in seawaters: Zn, Fe and Mn were the metals more 
accumulated, and Cd was the least accumulated. The relationships between metal 
concentrations in coastal seawaters and in C. montagui soft tissues were tested 
using a linear regression model shown in Fig. 2. Normality of metal data was 
confirmed with Shapiro–Wilk test (p>0.1705). The sampling locations considered 
outliers (Primer software package: metal values that changed linear correlation 
coefficients (R) more than 0.1) were not used in this linear regression model (Reis 
et al. 2009).  
 
There were very significant positive correlations (p<0.001, R
2
>0.7706) 
between the concentrations of Cd, Cr, Cu and Ni in coastal seawaters and in C. 
montagui soft tissues of the 22 sampling locations along the NW coast of 
Portugal. However, some locations showed very high concentrations of Fe, Mn 
and Zn in barnacle soft tissues and were excluded from the linear regression 
model as outliners: Fe in location 13, Mn in locations 14 and 19 and Zn in 
locations 17 and 20. Particularly, barnacles from location 20 showed higher Zn 
concentrations in their soft tissues than expected, regarding the linear regression 
model and the available Zn in this seawater, which suggested a memory effect of 
previous episodes of Zn anthropogenic contamination (Barber and Trefry, 1981; 
Morillo et al., 2005). 
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Table 4. Metal concentrations (mg.kg
-1
, dry wt.) in soft tissues of Chthamalus montagui at the 22 
sampling locations. 
 Sampling 
Location 
Element (mg.kg
-1
, dry wt.) 
Cd Cr Cu Ni Mn Zn Fe 
Limit of detection 0.097 0.032 0.20 0.058 2.87 8.67 2.32 
Spiked sample 
recoveries (%) 
106 ± 11 91 ± 7 94 ± 10 100 ± 15 88 ± 8 97 ± 8 98 ± 7 
SRM 2976 
recoveries (%) 
93 ± 5 102 ± 3 94.7 ± 0.2 112.7 ± 0.1 95 ± 2 101 ± 7 98 ± 3 
0 1.0 ± 0.2 3.2 ± 0.5 1.7 ± 0.4 1.1 ± 0.2 11 ± 1 336 ± 28 369 ± 28 
1 1.2 ± 0.1 2.7 ± 0.5 2.4 ± 0.2 1.3 ± 0.2 17 ± 1 556 ± 3 713 ± 47 
2 1.7 ± 0.1 1.5 ± 0.1 2.1 ± 0.2 1.2 ± 0.2 11 ± 1 956 ± 26 385 ± 61 
3 1.1 ± 0.2 1.4 ± 0.3 1.9 ± 0.3 1.4 ± 0.2 17 ± 1 843 ± 35 507 ± 6 
4 1.9 ± 0.3 1.7 ± 0.3 2.2 ± 0.2 1.0 ± 0.1 14 ± 1 523 ± 28 269 ± 41 
5 0.9 ± 0.1 3.2 ± 0.1 1.4 ± 0.1 1.0 ± 0.1 9 ± 1 336 ± 13 216 ± 18 
6 0.91 ± 0.04 2.8 ± 0.7 3.3 ± 0.4 0.81 ± 0.01 23 ± 1 418 ± 12 785 ± 111 
7 0.7 ± 0.1 2.2 ± 0.1 3.4 ± 0.6 1.0 ± 0.2 26 ± 1 457 ± 11 649 ± 34 
8 0.9 ± 0.2 1.3 ± 0.2 6.7 ± 0.8 0.72 ± 0.03 13 ± 1 702 ± 4 279 ± 36 
9 1.0 ± 0.1 1.1 ± 0.1 3.7 ± 0.3 1.4 ± 0.1 12.1 ± 0.2 778 ± 20 397 ± 39 
10 0.6 ± 0.1 1.3 ± 0.2 3.7 ± 0.5 2.4 ± 0.2 13.0 ± 0.3 729 ± 13 276 ± 15 
11 0.9 ± 0.2 1.9 ± 0.3 1.9 ± 0.2 0.8 ± 0.1 20 ± 1 361 ± 16 456 ± 27 
12 1.0 ± 0.1 0.5 ± 0.1 1.2 ± 0.1 4 ± 1 14 ± 2 368 ± 28 356 ± 81 
13 0.59 ± 0.03 1.6 ± 0.3 2.5 ± 0.2 1.2 ± 0.2 17.7 ± 0.1 537 ± 84 301 ± 23
 
14 0.9 ± 0.2 2.4 ± 0.6 3.6 ± 0.5 2.1 ± 0.4 22 ± 1
 
521 ± 40 426 ± 14 
15 0.9 ± 0.1 1.2 ± 0.2 2.7 ± 0.4 0.9 ± 0.1 12 ± 1 313 ± 4 388 ± 21 
16 0.8 ± 0.2 1.4 ± 0.3 4.7 ± 0.7 5 ± 1 17 ± 2 434 ± 34 214 ± 9 
17 0.8 ± 0.2 1.4 ± 0.2 1.9 ± 0.5 3.0 ± 0.1 12.6 ± 0.2 178 ± 1
A 
436 ± 8 
18 1.1 ± 0.2 1.1 ± 0.2 2.6 ± 0.2 1.1 ± 0.1 21 ± 1 296 ± 2 606 ± 46 
19 1.0 ± 0.1 2.2 ± 0.3 2.5 ± 0.2 2.9 ± 0.4 21 ± 1 496 ± 39 504 ± 51 
20 1.1 ± 0.2 2.1 ± 0.5 2.0 ± 0.2 2.3 ± 0.6 11 ± 1 446 ± 15
 
550 ± 80 
21 1.5 ± 0.1 0.9 ± 0.1 2.8 ± 0.6 1.7 ± 0.2 26 ± 2 557 ± 107 267 ± 39 
Mean ± Standard 
deviation 
1.0 ± 0.3 1.8 ± 0.7 2.8 ± 1.2 1.7 ± 1.1 16.3 ± 5.0 522 ± 184 425 ± 159 
 
Limits of detection and recovery percentages of the SRM 2976 Reference Mussel Tissue, certified for inorganic 
elements, are also included. Mean ± standard deviation (n=3). 
a 
Outlier value and not considered in calculation of mean ± standard deviation. 
 
The regression line slopes reflect the bioaccumulation of metals by barnacles: 
if one particular metal has a higher slope than another, the same variation in 
seawater concentrations will provoke a greater increase in barnacle soft tissues 
concentration, and vice versa (Morillo et al., 2005). The metals with the highest 
regression line slopes were Fe, Cr and Zn, respectively, with values of 555,205, 
89,433 and 26,093 L of coastal seawater per kilogram of soft tissue. The lowest 
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slopes were obtained for Cd, Mn, Cu and Ni, with values of 10,995, 7,456, 4,675 
and 3,144 L of coastal seawater per kilogram of soft tissue, respectively. The 
significant correlations obtained for all metals between coastal seawaters and 
barnacle soft tissues (p<0.05) also suggest that the dissolved metal 
concentrations describe well the process of metal accumulation in barnacle soft 
tissues, and they will give good estimates of metal bioavailabilities in the 
different locations. 
 
 
Fig. 2 Linear regressions between metal concentrations in C. montagui soft tissues (milligrams per kilogram, dry 
wt.) and coastal seawaters (milligrams per litre). 
 
The metal bioaccumulation factor (BAF) is an adequate approach to assess the 
efficiency of barnacle species to accumulate metals in their soft tissues (Morillo et 
al., 2005). The log BAF values are shown in Table 5 and were calculated as the 
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log-transformed ratio between metal concentrations in the barnacle soft tissue 
(milligrams per kilogram, dry mass) and in coastal seawater (nanograms per litre).  
 
Table 5. Metal Bioaccumulation Factor (log BAF) in the soft tissues of Chthamalus montagui of the 22 sampling 
locations. 
Sampling 
Location 
Bioaccumulation Factor (log BAF) 
Cd Cr Cu Ni Mn Zn Fe 
0 4.56 5.00 3.71 3.64 4.11 3.86 5.60 
1 4.57 4.96 3.70 3.80 4.04 4.01 5.65 
2 4.27 4.82 3.64 3.71 3.99 4.16 5.52 
3 4.44 4.92 3.74 3.60 4.02 4.10 5.59 
4 4.17 4.98 3.66 3.74 4.20 3.99 5.48 
5 4.54 4.94 3.73 3.70 3.95 3.82 5.35 
6 4.55 4.96 3.80 3.47 3.98 3.93 5.69 
7 4.55 4.86 3.80 3.45 3.95 3.94 5.64 
8 4.61 4.88 3.68 3.65 4.16 4.12 5.51 
9 4.58 4.89 3.84 3.68 4.01 4.15 5.62 
10 4.44 4.87 3.77 3.44 4.10 4.11 5.50 
11 4.55 4.92 3.63 3.63 4.07 3.83 5.64 
12 4.54 4.84 3.72 3.53 4.13 3.89 5.63 
13 4.50 4.91 3.82 3.60 4.07 4.03 3.90 
14 4.63 4.97 3.80 3.60 3.55 4.00 5.64 
15 4.42 4.99 3.78 3.51 3.98 3.89 5.58 
16 4.36 4.99 3.72 3.57 3.97 3.96 5.51 
17 4.31 4.95 3.76 3.55 4.15 3.56 5.56 
18 4.39 4.93 3.73 3.42 4.06 3.82 5.62 
19 4.41 4.95 3.90 3.69 3.85 4.00 5.59 
20 4.52 4.89 3.62 3.92 4.25 4.05 5.61 
21 4.29 4.94 3.65 3.51 3.99 4.03 5.47 
Mean ± 
Standard 
deviation 
4.46 ± 0.12 4.93 ± 0.05 3.74 ± 0.07 3.61 ± 0.12 4.03 ± 0.14 3.97 ± 0.14 5.49 ± 0.36 
 
The metals that C. montagui bioaccumulated more efficiently were Fe, Cr and 
Cd with mean log BAF values of 5.49, 4.93 and 4.46, respectively, reflecting 
barnacles’ high sensitivity to these metals. Much lower mean log BAF values were 
obtained for Mn, Zn, Cu and Ni reaching only 4.03, 3.97, 3.74 and 3.61, 
respectively, which may be due to lower bioavailability of some of these metals in 
the coastal seawaters or the organism’s ability to eliminate them. In the particular 
case of Zn, the high regression line slope (26,093 L of coastal seawater per 
kilogram) was not followed by a high log BAF value (4.93), which can represent 
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potential anthropogenic contamination of the seawaters. These preliminary 
results showed that C. montagui soft tissues can be used for monitoring metal 
bioavailabilities in coastal seawaters along the NW coast of Portugal. 
 
3.3.3 Ecological quality of the coastal seawaters 
 
Metal concentrations obtained in barnacle C. montagui soft tissues collected 
along the NW coast of Portugal were lower or similar to the metal concentrations 
reported for other barnacle species sampled in different locations around the 
world (Table 6). Comparing these results with metal concentrations in 
Chthamalus stellatus soft tissues from the S–SW coast of Portugal and Rio Tinto 
estuary, C. montagui exhibited lower concentrations of Cd and Cu, but higher 
concentrations of Zn, probably in their metal-rich granules (Stenner and Nickless, 
1975). Extending this comparison to the other barnacle species reported in Table 
6, Portuguese C. montagui soft tissues accumulated the lowest metal 
concentrations, even Fe and Cr, which are the metals with highest BAF. Indeed, 
our results suggested that metal bioavailabilities in seawaters from the NW coast 
of Portugal are low, except for Zn. 
 
In terms of food consumption safety and according to the European 
Community Commission Regulation No 629/2008 of 2 July 2008 (EU, 2008), the 
maximum Cd concentration allowed in foodstuff, particularly in crustaceans soft 
tissues, is 0.50 mg Cd kg
−1
 (wet wt.), which is equivalent to 2.50 mg kg
−1
 (dry wt.) 
assuming 80% of water in barnacle soft tissues. The Cd concentrations 
determined in C. montagui soft tissues in all locations were lower than this 
reference value, which proves that the NW coastal waters of Portugal have low Cd 
contamination. However, applying the Norwegian Pollution Control Authority 
metal concentration guidelines (SFT TA-1467/1997) for blue mussel Mytilus 
edulis, all coastal seawaters analysed can be classified as “class I–
unpolluted/slightly polluted” for Cd and Cu, but “class II/III–
moderately/remarkably polluted” for Zn (200–1,000 mg Zn kg−1; Molvaer et al., 
1997). Therefore, Zn is the metal of major concern since its bioavailability in 
seawater and its bioaccumulation in C. montagui soft tissues were high. 
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Table 6.  Range of metal concentrations (mg.kg
-1
, dry wt.) in barnacle species soft tissues from different ecosystems around the world. 
Species Location Range of metal concentrations in barnacle soft tissues (mg.kg
-1
, dry wt.) Reference 
  Cd Cu Zn Cr Fe Mn Ni  
Chthamalus 
montagui 
NW Coast of 
Portugal 
0.59 – 1.7 1.2 – 6.7 178 – 956 0.50 – 3.2 210 - 780 9.0 – 26.0 0.72 – 3.0 This work 
Chthamalus 
stellatus 
S-SW Coast of 
Portugal and Tinto 
river estuary 
(Huelva, Spain)   
6.0 6.3 - 11.3 100 – 237 - - - - Stenner and Nickless (1975) 
Balanus amphitrite 
La Jolla  
(California, USA) 
- - 910 - - - - Alexander and Rowland (1966) 
S-SW Coast of 
Portugal and Tinto 
river estuary 
(Huelva, Spain)   
12 550 - 600 1780 - 3300 - - - - Stenner and Nickless (1975) 
Adriatic Lagoons 
(Croatia) 
- 41 - 109 - 2.1 - 3.9 - - - Barbaro et al. (1978) 
Zuari estuary  
(India) 
- 847 1938 - - - - Anil and Wagh (1988) 
Hong Kong  
(China) 
0.69 - 30.9 29.0 - 6317 1476 - 23300 0.22 - 28.0 313 - 5929 14.5 – 277 1.25 - 98.9 
Blackmore (1996); 
Blackmore et al. (1998); 
Philips and Rainbow (1988, 
1990); 
Rainbow and Smith (1992); 
Rainbow et al. (1993); 
Rainbow and Blackmore (2001) 
Salton Sea 
(California, USA) 
6 – 58 40 - 3750 620 - 37900 - 450 - 1150 - - Fialkowski and Newman (1998) 
Huelva estuary 
(Spain) 
21 - 168 3720 - 9430 19900 - 48500 - - 168 – 469 3.7 - 8.3 Morillo et al. (2008) 
Algeciras Bay (Spain) 2.1 - 3.6 94 - 225 852 – 4170 - - 26 – 154 2.7 – 26 Morillo et al. (2008) 
Ross Creek 
(Australia) 
3.0 - 8.4 - - - - - - da Silva et al. (2005) 
Curimataú estuary 
(Brazil) 
5.1 23.6 1185 - 466 9.6 9.1 Silva et al. (2006) 
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Table 6.  (Continuation) 
Species Location Range of metal concentrations in barnacle soft tissues (mg.kg
-1
, dry wt.) Reference 
  Cd Cu Zn Cr Fe Mn Ni  
Balanus balanoides 
Woods Hole  
(Massachusetts, 
USA) 
- 68 - 104 - - - - - Clarke (1947) 
Cardigan Bay, Wales 
(UK) 
- 46 - 3750 1028 - 30000 - - - - 
Ireland (1974); 
Walker et al. (1975) 
Huelva estuary 
(Spain) 
24 - 330 2496 - 21800 11520 - 101000 - 2020 - 13700 85 – 816 4.1 - 18 Morillo et al. (2005) 
Balanus eburneus 
Woods Hole  
(Massachusetts, 
USA) 
- 8.0 - 16 - - - - - Clarke (1947) 
Eau Gallie Harbor 
and Indian River 
Lagoon  
(Florida, USA) 
- 11 - 64 360 - 12000 - - - - Barber and Trefry (1981) 
Pacific coast 
(Mexico) 
4.1 - 29.0 63 – 148 3618 - 30030 2.5-4.7 265 - 583 24 – 53 <8.0 - 8.4 
Páez-Osuna et al. (1999); 
Ruelas-Inzunza and Páez-Osuna 
(1998) 
Balanus improvisus 
Thames estuary (UK) 7.4 - 27.5 143 – 913 19040 - 153000 - 700 - 6650 38 – 300 - 
Rainbow (1987); 
Rainbow et al. (2002) 
Gulf of Gdansk 
(Poland) 
3.7 - 23.6 23.6 - 86.2 3293 - 14386 - 818 - 22230 31.5 - 399 6.9 - 61.7 Rainbow et al. (2000, 2004a) 
Balanus perforates 
S-SW Coast of 
Portugal and Tinto 
river estuary 
(Huelva, Spain)   
6.0 8.0 - 8.5 40 – 60 - - - - Stenner and Nickless (1975) 
Balanus uliginosus 
Hong Kong  
(China) 
5.9 - 8.7 61.3 - 90.7 1163 - 2966 2.5 - 6.6 - - 2.6 - 3.2 Rainbow et al. (1993) 
Fistobalanus 
citerosum 
Potengi estuary 
(Brazil) 
2.7 - 4.2 26.4 - 62.8 1624 - 1719 - 371 - 527 9.4 - 28.1 3.7 - 12.0 Silva et al. (2006) 
Fistobalanus 
dentivarians 
Pacific coast 
(Mexico) 
1.8 – 2.5 26 – 30 1600 - 1676 2.8 – 5.0 400 37.0 - 761 <8 – 12.5 
Páez-Osuna et al. (1999); 
Ruelas-Inzunza and Páez-Osuna 
(1998, 2000) 
Megabalanus 
coccopoma 
Pacific coast 
(Mexico) 
25.8 25.0 1848 2.2 - 39 – 4742 7.7 - 11.7 
Ruelas-Inzunza and Páez-Osuna 
(1998); 
Páez-Osuna et al. (1999) 
 
 
Chapter 3 - Chthamalus montagui as Biomonitor of Metal Contamination in the Northwest Coast of Portugal   
 
77 
 
Table 6.  (Continuation) 
Species Location Range of metal concentrations in barnacle soft tissues (mg.kg
-1
, dry wt.) Reference 
  Cd Cu Zn Cr Fe Mn Ni  
Tetraclita 
squamosa 
Hong Kong  
(China) 
0.79 - 19.9 1.53 – 203 1020 - 13599 0.72 – 18.2 128 - 2670 5.87 - 110 0.41-3.41 
Blackmore (1996; 1999); 
Blackmore and Chan (1997, 
1998); 
Blackmore et al. (1998); 
Philips and Rainbow (1988, 
1990); 
Rainbow and Smith (1992); 
Rainbow et al. (1993); 
Rainbow and Blackmore (2001) 
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3.3.4 Barnacle shells – total metal concentrations 
 
Total metal concentrations obtained in C. montagui shell plates are shown in 
Table 7. Their distribution along the NW coast of Portugal showed a wide range of 
concentrations: 0.020–0.107 mg Cd kg−1; 0.25–1.20 mg Cr kg−1; 0.42–1.34 mg Ni 
kg
−1
; 0.41–1.82 mg Cu kg−1; 3.2–18.2 mg Mn kg−1; 17–87 mg Zn kg−1; 47–357 mg 
Fe kg
−1
 and 439–554 g Ca kg−1. 
 
Table 7. Metal levels (mg.kg
-1
, dry wt.) in hard tissues of Chthamalus montagui at the 22 sampling locations. 
 Sampling 
Location 
Element (mg.kg
-1
, dry
 
wt.)  
Cd Cr Cu Ni Mn Zn Fe 
Ca  
(g.kg
-1
, 
dry
 
wt) 
Limit of 
detection 
0.0033 0.067 0.330 0.067 0.387 0.667 6.67 0.001 
Spiked sample 
recoveries (%) 
111 ± 7 87 ± 11 86 ± 19 91 ± 10 86 ± 5 89 ± 8 98 ± 5 102 ± 11 
SRM 2976 
recoveries (%) 
94.6 ± 0.4 118 ± 2 102 ± 10 88 ± 7 96 ± 2 97 ± 15 102 ± 8 97 ± 12 
0 0.092 ± 0.012 1.11 ± 0.03 1.29 ± 0.10 1.02 ± 0.02 8.9 ± 1.8 32 ± 6 164 ± 36 546 ± 50 
1 0.103 ± 0.010 0.65 ± 0.13 1.25 ± 0.25 0.62 ± 0.01 8.9 ± 0.6 20 ± 2 350 ± 44 476 ± 24 
2 0.064 ± 0.012 0.32 ± 0.02 1.08 ± 0.03 0.55 ± 0.05 5.0 ± 0.7 30 ± 6 70 ± 7 538 ± 24 
3 0.087 ± 0.006 0.65 ± 0.04 1.04 ± 0.07 0.76 ± 0.05 9.3 ± 0.3 29 ± 2 156 ± 6 529 ± 17 
4 0.093 ± 0.002 0.61 ± 0.04 0.90 ± 0.15 0.49 ± 0.02 3.6 ± 0.7 35 ± 7 55 ± 8 539 ± 4 
5 0.072 ± 0.005 0.49 ± 0.02 0.67 ± 0.18 0.42 ± 0.11 3.2 ± 0.3 24 ± 1 47 ± 4 554 ± 39 
6 0.086 ± 0.005 0.70 ± 0.03 1.18 ± 0.15 0.46 ± 0.09 14.3 ± 1.4 59 ± 10 278 ± 28 511 ± 50 
7 0.107 ± 0.024 1.20 ± 0.11 1.57 ± 0.29 0.78 ± 0.08 18.2 ± 1.0 87 ± 18 357 ± 11 494 ± 51 
8 0.084 ± 0.001 0.64 ± 0.02 1.82 ± 0.17 0.60 ± 0.06 8.0 ± 0.2 62 ± 6 132 ± 2 540 ± 36 
9 0.104 ± 0.014 0.74 ± 0.02 1.56 ± 0.12 0.67 ± 0.03 6.4 ± 0.7 43 ± 2 154 ± 17 548 ± 14 
10 0.069 ± 0.008 0.62 ± 0.04 1.11 ± 0.13 1.34 ± 0.19 8.2 ± 0.3 68 ± 1 104 ± 7 507 ± 45 
11 0.073 ± 0.008 1.00 ± 0.20 0.65 ± 0.01 0.79 ± 0.11 8.7 ± 1.2 22 ± 5 177 ± 19 476 ± 81 
12 0.029 ± 0.004 0.38 ± 0.08 0.80 ± 0.12 0.66 ± 0.09 3.7 ± 0.2 42 ± 2 106 ± 8 490 ± 18 
13 0.020 ± 0.001 0.25 ± 0.01 1.03 ± 0.12 0.68 ± 0.10 10.4 ± 0.4 40 ± 8 79 ± 4 460 ± 11 
14 0.025 ± 0.004 0.47 ± 0.09 0.94 ± 0.18 0.90 ± 0.06 12.2 ± 1.3 44 ± 11 96 ± 16 490 ± 48 
15 0.045 ± 0.004 0.41 ± 0.04 1.01 ± 0.07 0.63 ± 0.02 5.9 ± 0.2 48 ± 1 96 ± 6 488 ± 47 
16 0.053 ± 0.002 0.47 ± 0.07 1.62 ± 0.10 0.76 ± 0.02 3.6 ± 0.3 64 ± 5 114 ± 2 455 ± 52 
17 0.031 ± 0.007 0.38 ± 0.02 0.49 ± 0.05 0.70 ± 0.12 5.3 ± 0.4 17 ± 2 100 ± 7 460 ± 20 
18 0.036± 0.002 0.44 ± 0.05 0.84 ± 0.09 0.81 ± 0.09 12.0 ± 1.6 28 ± 1 230 ± 1 439 ± 5 
19 0.034 ± 0.005 0.59 ± 0.04 0.68 ± 0.01 0.78 ± 0.09 8.7 ± 0.8 30 ± 2 165 ± 23 463 ± 16 
20 0.053 ± 0.013 0.46 ± 0.04 0.64 ± 0.15 0.70 ± 0.04 4.5 ± 0.6 19 ± 3 86 ± 22 494 ± 74 
21 0.059 ± 0.012 0.74 ± 0.09 0.41 ± 0.05 0.53 ± 0.06 7.0 ± 1.4 26 ± 7 68 ± 14 474 ± 24 
Mean ± 
standard 
deviation 
0.064 ± 0.028 0.61 ± 0.25 1.03 ± 0.38 0.71 ± 0.20 8.0 ± 3.8 39 ± 18 145 ± 88 499 ± 35 
Limits of detection and recovery percentages of the SRM 2976 Reference Mussel Tissue, certified for inorganic 
elements, are also included. Mean ± standard deviation (n=3). 
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Figure 3 shows the linear regressions between metal concentrations in coastal 
seawaters and C. montagui hard tissues (shell plates). Normality of metal data 
was confirmed with Shapiro–Wilk test (p>0.05). 
 
 
Fig. 3 Bray–Curtis similarity diagram showing the association of the sampling locations according to metal 
concentrations in soft tissues of C. montagui and the physicochemical parameters of the seawater. 
 
Unlike the good correlations observed between metals in seawater and 
barnacle soft tissues, there were no significant correlations (p<0.05) between Cd, 
Cr, Ni and Zn concentrations in seawater and C. montagui shells. Although 
significant correlations (p<0.05) were obtained for Cu, Fe and Mn, the squared 
correlation coefficient values (R
2
) were very low to be accepted, ranging 0.3387–
0.5267. These results mean that barnacle shells do not reflect adequately metal 
uptake from seawater and should not be used to biomonitor or predict metal 
contamination in the environment. The bioaccumulation of metals in barnacle 
hard tissues involves the metabolic mechanisms related with the equilibrium of 
metal assimilation from phytoplankton and zooplankton diets and metal efflux 
rates, but probably also the mineralization processes during shell plates 
formation, when replacement of Ca by other bioavailable metals in the seawater 
may occur (da Silva et al., 2004, 2005, 2009a; Hockett et al.,1995, 1997; Ng et 
al., 2005; Rainbow, 2007; Rainbow and Wang, 2001, 2005; Rainbow and White, 
1989; Rainbow et al., 2003, 2004b; Viarengo and Nott, 1993; Wang and Rainbow, 
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2000, 2005, 2008; Wang et al., 1999; Watson et al., 1995). Thus, 
bioaccumulation of metals in barnacle hard tissues may be masked by 
mineralization (Fig. 4). 
 
Fig. 4 Linear regressions between metal concentrations in C. montagui hard tissues (milligrams per kilogram, 
dry wt.) and coastal seawaters (milligrams per litre). 
 
These preliminary results showed that C. montagui shell plates cannot be 
considered an ideal matrix for monitoring metal bioavailability in coastal 
seawaters. The same conclusion was reported by Watson et al. (1995) in S. 
balanoides shell plates due to significant variation of metal concentrations over 
time. 
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3.4 Conclusions 
 
The results of this study showed that: 
1. C. montagui proved to be a sensitive species to spatial variation of metal 
bioavailabilities in the water, and the average metal contamination in the 
water followed the order Cr<Cd<Ni<Cu<Fe<Mn<Zn, while the accumulation 
in their soft tissues was: Cd<Ni<Cr<Cu<Mn< Fe<Zn. In the shell plates, 
metal concentrations were lower than in soft tissues: 
Cd<Cr<Ni<Cu<Mn<Zn<Fe and were not correlated with the water 
concentrations; 
2. C. montagui soft tissues, but not their shell plates, may be used for 
monitoring metal bioavailabilities in seawater of the NW coast of Portugal 
since there were significant positive correlations (p<0.05) between the 
concentrations of the metals Cd, Cr, Cu, Fe, Mn, Ni and Zn in seawaters 
and their concentrations in C. montagui soft tissues; 
3. The mean metal bioaccumulation factors (log BAF) in C. montagui soft 
tissues were higher for Fe, Cr and Cd, with values of 5.49, 4.93 and 4.46, 
respectively, and lower for Mn, Zn, Cu and Ni, with values of 3.93, 3.83, 
3.74 and 3.61, respectively. It seems that there is a discriminating 
bioaccumulation process which will require further investigation; 
4. In terms of water quality regarding metal concentrations, all locations of 
the NW coast of Portugal sampled should be classified as coastal seawater 
of “class I/II–background level/good” or “unpolluted/ slightly polluted”, 
except for Zn. The very high concentrations of Zn in the seawaters and C. 
montagui soft tissues provided a final ecological classification of “class 
II/III–moderately/ remarkably polluted”. 
 
This work intends to contribute to the increase of data on metal 
concentrations in coastal seawaters and in soft/hard tissues of C. montagui of the 
NW coast of Portugal, which will allow constructing a useful database for 
comparison purposes in future works. Additionally, it must be stressed out that 
these preliminary results need to be strengthened with a more complete metal 
monitoring programme using C. montagui soft tissues along the NW coast of 
Portugal in different seasons. 
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Goose barnacle Pollicipes pollicipes as Biomonitor of Metal Contamination in 
the Northwest Coast of Portugal 
 
Abstract 
 
The main objective of this work was to assess the potential use of goose barnacle 
Pollicipes pollicipes as biomonitor of metal contamination in northwest (NW) coast 
of Portugal. The concentrations of Cd, Cr, Cu, Fe, Mn, Ni and Zn were determined 
in coastal seawaters and tissues of P. pollicipes, which allowed establishing 
correlations between metals in coastal seawaters and P. pollicipes and calculating 
metal bioaccumulation factors (BAFs). The results of this study showed that P. 
pollicipes soft tissues can be used for monitoring metal contamination in these 
coastal seawaters: (1) there were significant correlations (p<0.05) between metals 
in soft tissues and their concentrations in seawaters, except for Zn (p>0.05); (2) 
soft tissues were sensitive to spatial variations of metal bioavailabilities and their 
concentrations ranged0.70–2.22 mg Cd kg−1, 0.49–1.40 mg Cr kg−1, 1.37–2.07 
mg Ni kg
−1
, 2.4–3.3 mg Cu kg−1, 5–59 mg Mn kg−1, 134–578 mg Fe kg−1and 728–
1,854 mg Zn kg
−1
; (3) mean logarithmic bioaccumulation factors (log BAF) of Fe, 
Cd and Zn were higher, 5.57, 5.47 and 4.41, respectively, than mean log BAFs of 
Cr, Mn, Cu and Ni, 4.18, 4.14, 3.98 and 3.51, respectively. In contrary, P. 
pollicipes shell plates were not considered ideal material to monitor metal 
bioavailabilities in these coastal seawaters. Regarding the very high 
concentrations of Zn obtained in the coastal seawaters and P. pollicipes soft 
tissues, the NW coast of Portugal should be classified as “Class III/IV – 
Remarkably/Highly Polluted”. 
 
 
Keywords: Pollicipes pollicipes; Biomonitor; Metals; Coastal waters. 
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4.1 Introduction 
 
Goose or gooseneck barnacles are marine pedunculate cirripides, which live 
strongly attached to rocks and to one another, forming metapopulation 
structures, in shores exposed highly to wave action (Molares and Freire, 2003). 
Only goose barnacle species from Pollicipes genus can be considered intertidal: 
Pollicipes pollicipes, Pollicipes polymerus and Pollicipes elegans (Barnes, 1996). P. 
pollicipes is distributed between 48° N (UK/France) and 15° N (Dakar/Senegal) 
along Atlantic coast of Europe and North Africa, P. polymerus between 64° N and 
27° N along North American west coast and P. elegans can be found on west coast 
of South America from Mexico to Peru (Barnes, 1996). Pollicipes sp. can 
potentially be used as biomonitor of anthropogenic contamination of coastal 
waters since they are sessile, sufficiently abundant in sampling areas, available in 
all seasons and relatively easy of sampling (Barbaro et al., 1978; Blackmore et al., 
1998). They have a potential predisposition for consistent uptake of 
contaminants above environment. 
 
Different acorn barnacle species have been used around the world to 
monitored several metals (Ag, Cd, Co, Cr, Cu, Ni, Pb and Zn) in marine coastal 
waters (Alexander and Rowland, 1966; Stenner and Nickless, 1975; Barbaro et al., 
1978; Anil and Wagh, 1988; Philips and Rainbow, 1988, 1990; Rainbow and 
Smith, 1992; Blackmore and Chan, 1997; Blackmore et al., 1998; Fialkowski and 
Newman, 1998; Blackmore, 1999; Rainbow and Blackmore, 2001; Rainbow et al., 
2000, 2002, 2004a; Turkmen et al., 2005; Silva et al., 2006; Morillo et al., 2008; 
Morillo and Usero, 2008). Initially, Walker et al. (1975) studied different species of 
acorn barnacles, such as Semibalanus balanoides and Elminius modestus in 
coastal waters of North Wales (UK) and concluded that acorn barnacles 
accumulated Zn in their soft tissues, mainly in granules of the midgut, in 
concentrations which directly reflected environmental concentrations. Other 
studies demonstrated that the Amphibalanus amphitrite is a good sentinel 
organism to monitor trace metals (Cu, Mn, Ni and Zn) in different geographic 
locations of the world (Fialkowski and Newman 1998; Morillo et al. 2008; Morillo 
and Usero 2008). Several other research studies demonstrated that metal 
concentrations in different acorn barnacle species showed significant spatial and 
temporal variations, influenced by the different metal sources of each region and 
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different seasons (Blackmore and Chan 1997; Blackmore et al. 1998; Blackmore 
1999; Rainbow and Blackmore 2001; Rainbow et al. 2000, 2002, 2004a; Turkmen 
et al. 2005; Silva et al. 2006). 
 
Lately, Reis et al. (2011) reviewed the use of different species of barnacles as 
biomonitor of metal contamination in coastal areas and concluded that barnacle 
soft tissues (body) are considered good biomonitoring material and different 
species can bioaccumulate different amounts of metals. The barnacle bodies can 
reflect both short- and long-term metal level environmental variations and these 
metal bioaccumulations occur mainly in their granules (Reis et al., 2011). 
Additionally, Reis et al. (2011) also concluded that the use of a specific barnacle 
species or group of species in a specific region must firstly be carefully validated. 
Therefore, this work goes in that direction and shows the behaviour of a 
particular barnacle specie that also presents good biomonitoring qualities: P. 
pollicipes. 
 
However, to our knowledge, Pollicipes sp. had never been used as 
biomonitors of anthropogenic metal contamination in any coastal water of the 
world. Thus, goose barnacle P. pollicipes from northwest (NW) coast of Portugal 
was chosen to evaluate their potential use as biomonitor of metal contamination 
in these areas. The remaining objectives of this work were: 
1. To provide information on concentrations of metals in coastal seawaters 
and tissues of P. pollicipes of the NW coast of Portugal. This data collection 
will allow to construct a preliminary database for comparison purposes in 
future works; 
2. To assess the spatial variations of metal bioavailabilities along the NW 
coast of Portugal; 
3. To establish relationships between metals in coastal seawaters and P. 
pollicipes tissues collected along the NW coast of Portugal; 
4. To calculate bioaccumulation factors of metals in soft tissues of P. 
pollicipes collected along the NW coast of Portugal. 
 
4.2 Materials and methods   
4.2.1 Study area 
 
Chapter 4 - Goose barnacle Pollicipes pollicipes as Biomonitor of Metal 
Contamination in the Northwest Coast of Portugal 
 
 94  
 
Twelve sampling siteswere chosen in July 2010 (summer season) along NW 
coast of Portugal between the locations of “Paramos” (location 1) and “Moledo” 
(location 12) (Fig. 1). Sampling sites were set in places with dense populations of 
P. pollicipes and with different sorts and intensities of anthropogenic activities, 
such as beaches, marinas, river mouths, industrial and domestic effluents. 
1. “Paramos” (location 1) is influenced by untreated effluents from an under-
dimensioned wastewater treatment plant, with coastal waters classified by 
Portuguese Water Institute (INAG) as “Good” for recreation activities 
(Salvado, 2009); 
2. “Foz” (location 2) and “Castelo do Queijo” (location 3) are influenced by 
Oporto metropolitan city, which shows high metal contamination, but were 
classified by INAG as “Good/Acceptable” for recreation activities (Salvado, 
2009); 
3. “Leça da Palmeira” (location 4) and “Cabo do Mundo” (location 5) are 
influenced by an oil refinery plant (organic and inorganic contamination), 
but were classified by INAG as “Good/Acceptable” for recreation activities 
(Salvado, 2009); 
4. “Vila do Conde” urban area (locations 7 and 8) is considered contaminated 
by urban and industrial effluents, with high concentrations of pathogenic 
microorganisms and were classified by INAG as “Bad” for recreation 
activities (Salvado, 2009); 
5. “Viana do Castelo” (location 10) is influenced by industrial and domestic 
effluents and naval shipyard activities, as discharges from tanker washings 
and ballast, but was classified by INAG as “Good” for recreation activities 
(Salvado, 2009); 
6. “Forte do Paçô” and “Moledo” (locations 11 and 12) are located southwards 
of Minho estuary, which can be influenced by anthropogenic metal 
contamination, but were classified by INAG as “Good” for recreation 
activities (Salvado, 2009); 
7. “Vila Chã” (location 6) and “Fão-Ofir” (location 9) can be used as 
“background” areas, with coastal waters classified by INAG as “Acceptable” 
for recreation activities (Salvado, 2009). 
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Fig. 1 Geographical distribution of the 12 sampling locations along the northwest coast of Portugal. 
 
4.2.2 Reagents and material 
 
The reagents were of pro analysis or superior grade: concentrated HNO
3
 
(Fluka, Suprapure) and acetone (Fluka, HPLC). The working metal standard 
solutions were daily prepared by weight from a stock solution of 1,000 mg L
−1
 
(Fluka, pro analysis). All solutions were prepared with ultrapure water 
(conductivity 0.054 μS cm−1 at 25°C) from Milli-Q system. All materials were 
previously decontaminated in a 20% (v/v) nitric acid solution, at least for 24 h, as 
recommended by APHA (1998a), washed with deionised water (conductivity 
<0.066 μS cm−1 at 25°C) from an Elix-3 system and dried in an oven at 60°C. 
 
4.2.3 Sampling Strategy and analytical methods 
4.2.3.1 Coastal seawaters 
 
In each sampling site were collected three seawater replicates (n=3) with 
decontaminated polyethylene bottles. In situ, physico-chemical parameters 
(temperature, conductivity, oxidation reduction potential, salinity and dissolved 
oxygen) were measured as described by Reis et al. (2009) (Table 1).  
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Table 1. Physico-chemical parameters measured in the coastal seawater in the 12 sampling locations. 
Sampling 
Location 
Physico-chemical Parameter
a) 
Temperature 
(ºC) 
Conductivity 
(mS.cm
-1
) 
Oxidation Reduction 
Potential (mV) 
Salinity 
(psu) 
Dissolved oxygen  
(mg.L
-1
) 
1 16.57 ± 0.12 41.73 ± 0.25 -232.97 ± 5.35 29.93 ± 0.38 8.16 ± 0.45 
2 17.40 ± 0.17 38.47 ± 0.32 -75.17 ± 0.45 29.17 ± 0.23 10.50 ± 0.10 
3 19.17 ± 0.12 37.67 ± 0.06 -72.97 ± 0.78 27.30 ± 0.01 9.56 ± 0.05 
4 17.43 ± 0.12 39.63 ± 0.12 -72.43 ± 0.31 30.17 ± 0.06 10.12 ± 0.04 
5 18.20 ± 0.01 41.30 ± 0.01 -75.53 ± 0.29 31.00 ± 0.01 10.02 ± 0.13 
6 20.30 ± 0.10 45.50 ± 0.10 -217.13 ± 5.66 32.80 ± 0.20 10.39 ± 0.38 
7 18.47 ± 0.12 43.65 ± 0.05 -195.00 ± 1.49 32.77 ± 0.06 10.74 ± 0.13 
8 20.80 ± 0.26 39.93 ± 0.70 -192.93 ± 13.52 27.37 ± 0.99 7.61 ± 0.03 
9 19.17 ± 0.42 43.70 ± 0.17 -192.33 ± 18.84 32.40 ± 0.66 9.81 ± 0.08 
10 21.47 ± 0.06 41.70 ± 0.17 -207.20 ± 2.49 28.97 ± 0.06 10.33 ± 0.15 
11 15.73 ± 0.06 43.77 ± 0.06 -200.20 ± 13.76 34.90 ± 0.20 10.25 ± 0.36 
12 19.00 ± 0.26 36.23 ± 0.67 -197.33 ± 22.06 26.27 ± 0.40 10.05 ± 0.91 
a 
Mean±standard deviation (n=3). 
 
In laboratory, samples were filtered (Whatman, cellulose nitrate membrane 
filter of 0.45 μm), acidified to pH below 2 and frozen at −8°C until analysis. 
Dissolved metals concentrations (Cd, Cr, Cu, Fe, Mn, Ni and Zn) were determined 
by Atomic Absorption Spectrometry (SpectrAA 220 FS, Varian) with flame 
atomization (Marck 7, Varian) or electrothermal atomization (Autosampler 110, 
Varian), depending on metal levels, and with deuterium background correction 
system. Dissolved metal concentrations were analysed according to APHA (1998b, 
c). The method of extraction vestigial metals from seawater samples was based in 
Chelex-100 (functional iminodiacetic acid groups) chelating resin, which allowed 
pre-concentrating very low metal concentrations and removing interfering ions. 
Our optimized extraction method consisted in seven important steps (adapted 
from Vasconcelos and Leal, 1997): 
1. partially filling a solid-phase extraction column (GracePure, 5 mL) with 
resin Chelex-100 (1.0 g, Fluka, Na
+
 form, 100–200 mesh) and adjusting the 
operation conditions of the extraction manifold system (5.0 ml min
−1
; 
Waters; model WAT200677); 
2. pre-cleaning the resin with HNO
3
 solution (two bed volumes: 5 mL; 2 mol 
L
−1
) and ultrapure water (at least five bed volumes: 15 mL); 
3. regenerating the resin with NH
3
 solution (two bed volumes: 5 mL; 2 mol 
L
−1
); 
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4. conditioning the resin with NH
4
CH
3
COO solution (two bed volumes: 5 mL; 
0.05 mol L
−1
); 
5. concentrated 250 mL of seawater sample at pH=8 (adjusted with 7 mol L
−1
 
NaOH solution and buffered with 4 mol L
−1
 NH
4
CH
3
COO solution); 
6. removing matrix sample from resin with ultrapure water (two bed volumes: 
5 mL); 
7. metal elution from resin with HNO
3
 solution (two bed volumes: 5 mL; 2 mol 
L
−1
), which obtained a 50-fold concentration factor. 
 
This analytical procedure of pre-concentrating metals from coastal seawaters 
was checked using seawaters spiked with known amounts of each metal. The 
analyses of these spiked seawaters showed satisfactory mean recoveries for all 
elements, which were higher than 84% (n=3): Cd, 107±5%; Cr, 115±5%; Cu, 
84±12%; Mn, 110±6%; Ni, 86±5%; Zn, 102±1% and Fe, 96±1%. 
 
4.2.3.2 Pollicipes pollicipes 
 
Adult commercial-size goose barnacles (>2 cm, total length) were collected 
simultaneously with seawaters. Three independent replicates of at least 25 
individuals were collected in each site, in order to obtain statistical significant 
results and representative samplings, and transported in refrigerated plastic bags 
to laboratory within 8 h. The peduncular muscle and entire body (soft tissues) of 
P. pollicipes individuals were dissected from their external peduncular skin and 
separated from their shell plates (hard tissues). Then, soft and hard tissues were 
lyophilized and homogenised. In accordance with other similar studies in acorn 
barnacles, soft tissues of goose barnacles were not depurated (Ruelas-Inzunza 
and Paez-Osuna, 2000; Rainbow et al., 2000; Rainbow and Blackmore, 2001; 
Morillo et al., 2005; Morillo and Usero, 2008). However, shell plates were pre-
cleaned with acetone during 16 min in ultrasonic bath, according Watson et al. 
(1995) method. Among replicate samples, the differences in mean dry weights of 
25 pooled adult individuals were no significant (p<0.05), which means that there 
were no significant effects of body size on accumulated metals are expected 
(Morillo et al., 2005; Morillo and Usero, 2008). 
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For metal analyses, dried tissues (300 mg) were digested with HNO
3
 solution 
(27%, v/v) in a microwave system (model no. NE-1037, Panasonic) with Parr teflon 
vessels (model no. 4782, Parr), following Reis and Almeida (2008) method. Total–
total metal concentrations (Cd, Cr, Cu, Fe, Mn, Ni and Zn) were determined by 
Atomic Absorption Spectrometry with flame atomization (AAS-Flame) and 
electrothermal atomization (AAS-Electrotermal). The equipment working 
parameters and chemical matrix modifiers used in metal analyses were those 
recommended by the Varian analytical methods (Varian, 1988, 1989). P. pollicipes 
tissues samples spiked with known amounts of metals and standard reference 
material (NIST SRM 2976) certified for trace metals in mussel tissues were used to 
check matrix effects and the suitability of the analytical procedure for metal 
determinations in goose barnacles. The analyses of the spiked soft tissues 
samples, spiked hard tissues samples and SRM 2976 revealed satisfactory 
recoveries for all elements, which were, respectively, higher than 84%, 83% and 
88%. In the spiked soft tissues samples, spiked hard tissues samples and SRM 
2976, the mean recoveries were, respectively, for Cd—117±5%, 99±3% and 
95±6%; Cr—98±11%, 116±6% and 91±2%; Cu—93±10%, 83±11% and 88±4%; Mn—
112±9%, 87±2% and 95± 9%; Ni—84±13%, 112±4% and 92±3%; Zn—115±14%, 
93±15% and 95±1%; Fe—88±6%, 97±13% and 90±3% and Ca—not determined in 
soft tissues samples, 96±2% and 103±16%. The Ca analyses were included in this 
work but only for hard tissues, as environmental metals can be incorporated into 
shell plates (1) by calcium channels and suffer a similar biomineralization process 
as calcium carbonate formation during growth; (2) by the “extra-palial” space 
through transcellular routes or directly from external water via pores and (3) by 
adsorption to the organic matrix of the shells, after the matrix is produced, but 
before calcium carbonate is deposited over the matrix (Reis et al. 2011). Thus, 
significant Ca spatial variations in shell plates of barnacles can be a result of 
metal anthropogenic contamination. 
 
4.2.4 Data analysis 
 
Three independent replicates were analysed in each sampling site and the 
respective average and standard deviation were calculated (n=3). For each sample 
(seawater or tissue), Varian software was programmed to comply data with a 
precision below 10% between readings, in a maximum of four readings per 
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replicate, to assure reproducibility of the measurements. External calibrations 
were carried out using aqueous standards solutions. Blank solutions were 
prepared with the same sample treatment and their metal levels were always 
below the limit of detection of the analytical procedure (Tables 2 and 4). The 
detection limits were calculated using the procedure recommended by APHA 
(1998d). 
 
Significant differences of metal concentrations between locations were tested 
using ANOVA and Student’s t test, after testing data normality with Shapiro–Wilk 
test, considering two levels of significance: significant (p=0.05) and very 
significant (p=0.001). These studies of spatial variations were complemented with 
“CLUSTER” analyses based on Bray–Curtis similarity matrix and data logarithmic 
normalisation of PRIMER package (Clarke and Warwick, 2001). 
 
4.3  Results and discussion 
4.3.1 Coastal seawater – physicochemical parameters and dissolved metal 
concentrations 
 
The physico-chemical parameters of the seawater obtained in each site are 
typical values for the sampling season (summer) and geographical position 
(Portuguese coast): temperature varied between 15.73°C and 21.47°C; salinity 
between 26.27 and 34.90 psu (seawater); dissolved oxygen between 7.61 and 
10.74 mg L
−1
 (O
2
 saturation); potential redox between −232.97 and −72.43 mV 
(seawater) and conductivity values varied between 36.23 and 44.50 mS.cm
−1
 
(seawater). These values are comparable with previous studies in the Portuguese 
coastal seawaters (Salvado, 2009). 
 
Dissolved metal concentrations obtained in coastal seawaters from NW coast 
of Portugal are shown in Table 2. Significant spatial metal variations were 
obtained along the coast (p<0.05): 29–321 ng Cr L−1; 0.7–13.9 ng Cd L−1; 71–
1,343 ng Ni L
−1
; 69–516 ng Cu L−1; 467–5,727 ng Mn L−1; 468–11,443 ng Fe L−1 
and 7,980–55,219 ng Zn L−1. Some locations showed high metal concentrations, 
reflecting their proximity to urban areas: “Paramos” for Cd, “Castelo do Queijo” 
for Cu and “Vila do Conde” for Cr, Fe,Mn, Ni and Zn. On the other hand, coastal 
seawaters near “Paramos” showed low Cr level, “Leça da Palmeira/Cabo do 
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Mundo” showed low Cd, Ni and Zn levels, and “Forte do Paçô/Moledo” showed low 
Cu, Fe and Mn levels. 
 
Table 2. Metal concentrations (nanogrammes per litre) in seawater of the 12 sampling locations. 
Sampling 
Location 
Element (ng.L
-1
) 
Cd Cr Cu Mn Ni Zn Fe 
Limit of 
detection 
2 6 200 200 16 2000 200 
1 13.9 ± 4.5
A 
99 ± 24 493 ± 49 769 ± 239 342 ± 8 46258 ± 4306
A 
586 ± 76 
2 1.6 ± 0.1 128 ± 36 454 ± 45 752 ± 80 309 ± 24 26475 ± 2647 595 ± 27 
3 0.9 ± 0.1 193 ± 47 516 ± 42 1527 ± 324 713 ± 80 20846 ± 552 1840 ± 184 
4 6.1 ± 1.2 274 ± 52 304 ± 41 1019 ± 46 71 ± 14 7980 ± 2214 575 ± 25 
5 0.7 ± 0.1 219 ± 2 158 ± 8 835 ± 133 227 ± 28 14571 ± 3695 1050 ± 164 
6 2.6 ± 0.1 238 ± 21 449 ± 84 764 ± 282 201 ± 15 19586 ± 7272 1430 ± 303 
7 2.8 ± 0.8 321 ± 12 358 ± 121 850 ± 30
 
1343 ± 58
A 
17964 ± 4132 1329 ± 327 
8 6.7 ± 2.1 230 ± 3 96 ± 25 5727 ± 539
A 
396 ± 52 55219 ± 5522
A 
11443 ± 1535
A 
9 4.6 ± 0.6 94 ± 10 246 ± 60 908 ± 44 325 ± 82 10728 ± 119 895 ± 25 
10 6.7 ± 0.5 53 ± 9 263 ± 87 884 ± 318
 
256 ± 26
 
38515 ± 739 959 ± 2 
11 4.7 ± 1.1 29 ± 6 69 ± 13 467 ± 15 749 ± 47 21700 ± 790 846 ± 95 
12 4.0 ± 0.3 36 ± 1 460 ± 100 2321 ± 409 335 ± 101 18649 ± 1865 468 ± 60 
Limits of detection and recovery percentages of the samples spiked with known amounts of metals are also 
included. Mean±standard deviation (n=3). 
a 
Outlier value and not considered in calculation of mean±standard deviation. 
 
The Norwegian Pollution Control Authority guidelines for metals in coastal 
seawater (SFT TA-2229/2007) allowed classifying all coastal seawaters of the NW 
coast of Portugal as “Class I/II – Background Level or Good”, except for Zn (Table 
3). Regarding Zn concentrations, all coastal seawaters should be classified as 
“Class IV/V – Bad or Very Bad” (SFT, 2007). 
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Table 3. Classification of coastal waters based on seawater metal concentrations (SFT TA-2229/2007) and on 
blue mussel Mytilus edulis soft tissues metal concentrations (SFT TA-1467/1997) according to Norwegian 
Pollution Control Authority. 
Coastal Seawater Classification 
 
(SFT TA-2229/2007)   
Element (ng.L
-1
) 
Cd Cr Cu Ni Zn 
Class I – Background < 30 < 200 < 300 < 500 < 1500 
Class II – Good 30 – 240 200 – 3400 300 – 640 500 – 2200 1500 – 2900 
Class III – Moderate 240 – 1500 3400 – 36000 640 – 800 2200 – 12000 2900 – 6000 
Class IV – Bad 1500 – 15000 36000 – 360000 800 – 7700 12000 – 120000 6000 – 60000 
Class V – Very Bad > 15000 > 360000 > 7700 > 120000 > 60000 
Coastal Seawater Classification 
 
(SFT TA-1467/1997) 
Element (mg.kg
-1
, dry wt.) 
Cd Cr Cu Ni Zn 
Class I – Unpolluted / Slightly 
Polluted  
< 2 - < 10 - < 200 
Class II – Moderately Polluted 2 – 5 - 10 – 30 - 200 – 400 
Class III – Remarkably Polluted  5 – 20 - 30 – 100 - 400 – 1000 
Class IV – Highly Polluted 20 – 40 - 100 – 200 - 1000 – 2500 
Class V – Very Highly Polluted > 40 - > 200 - > 2500 
 
4.3.2 Goose barnacle soft tissues – total metal concentrations 
 
Total metal concentrations obtained in P. pollicipes soft tissues are shown in 
Table 4. Significant metal spatial variations were obtained along the coast 
(p<0.05) and the ranges were: 0.70–2.22 mg Cd kg−1; 0.49–1.40 mg Cr kg−1; 
1.37–2.07 mg Ni kg−1; 2.4–3.3 mg Cu kg−1; 5–59 mg Mn kg−1; 134–578 mg Fe 
kg
−1
and 728–1,854 mg Zn kg−1. In general, the metals in goose barnacle soft 
tissues seemed to reflect seawater metal concentrations and bioaccumulated 
metals by the following order: Zn>Fe>Mn>Cu>Ni>Cr∼Cd. 
 
The correlations between metal concentrations in coastal seawaters and P. 
pollicipes soft tissues were performed by linear regression models shown in Table 
5. Normality of metal data was confirmed with Shapiro–Wilk test (p>0.8388). The 
sampling locations considered outliners (Primer software package: metal values 
that changed linear correlation coefficients (R) more than 0.1) were not used in 
these linear regression models (Reis et al. 2009). There were significant positive 
correlations (p<0.05, R
2
>0.4955) between the concentrations of all metals in 
coastal seawaters and in P. pollicipes soft tissues, except for Zn (p>0.05). For Zn, 
this correlation was no significant (p=0.0986, R
2
=0.3412). However, some 
locations were excluded as outliners: locations 1 (Cd and Cu), 3 (Cu and Ni) and 8 
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(Fe and Mn) showed very low metal concentrations accumulated in goose 
barnacles soft tissues relatively to their high concentrations in seawaters, 
revealing potential metal anthropogenic contamination. On other hand, in 
locations 7 (Cd), 9 (Cu), 10 (Cr and Fe), 11 (Cr and Fe) and 12 (Cr), goose 
barnacles accumulated higher metal concentrations than expected, regarding the 
low metal concentrations in seawaters, which suggested memory effects of 
previous episodes of metal anthropogenic contamination (Barber and Trefry, 
1981; Morillo et al., 2005). The regression line slopes reflect the bioaccumulation 
of metals in goose barnacles: if one particular metal has a higher slope than 
another, the same variation in seawater concentrations will provoke a greater 
increase in goose barnacle soft tissues concentration, and vice versa (Morillo et 
al., 2005). The metals with the highest regression line slopes were Cd, Fe and Mn, 
respectively with values of 127,186, 67,505 and 50,564 L of coastal seawater.kg
−1
 
of soft tissue. The lowest slopes were obtained for Zn, Cr, Cu and Ni with values 
of 13,723, 3,283, 1,380 and 496 L of coastal seawater per kilogramme of soft 
tissue, respectively. Expect for Zn, the significant correlations (p<0.05) obtained 
for all metals between coastal seawaters and goose barnacle soft tissues also 
suggested that dissolved metal concentrations describe well the processes of 
metal accumulation in P. pollicipes, and they will give good estimates of 
bioavailable metal fractions in each location. The no significant correlation 
(p>0.05) obtained for Zn suggested that more complex processes are involved in 
their bioaccumulation by goose barnacles, such as Zn biological metabolization 
through assimilation and efflux processes. These first conclusions should be 
clarified in future studies with metals in goose barnacles P. pollicipes. These 
preliminary results showed that P. pollicipes soft tissues can be used for 
monitoring metal bioavailabilities in coastal seawaters along the NW coast of 
Portugal. 
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Table 4. Metal concentrations (milligrammes per kilogrammes, dry weight) in soft and hard tissues of Pollicipes pollicipes from the 12 sampling locations. 
Sampling Location 
Metal concentration in soft tissues of P. pollicipes (mg.kg
-1
 or g.kg
-1
, dry wt.) 
Cd Cr Cu Ni Mn Zn Fe 
Ca 
(g.kg
-1
, dry
 
wt) 
Limit of detection 0.182 0.024 0.31 0.083 2.08 20.8 16.7 - 
1 0.70 ± 0.07 0.49 ± 0.14 2.4 ± 0.4 1.56 ± 0.46 5 ± 1 821 ± 44 195 ± 8 - 
2 0.77 ± 0.03 0.64 ± 0.07 2.8 ± 0.4 1.37 ± 0.05 14 ± 1 1031 ± 17 154 ± 12 - 
3 0.97 ± 0.02 0.70 ± 0.08 2.7 ± 0.5 1.49 ± 0.06 59 ± 1 1393 ± 67 282 ± 13 - 
4 2.22 ± 0.07 1.21 ± 0.02 2.7 ± 0.1 1.52 ± 0.07 41 ± 3 1763 ± 96 204 ± 6 - 
5 0.86 ± 0.14 0.88 ± 0.16 2.6 ± 0.2 1.53 ± 0.05 11 ± 2 1159 ± 73 186 ± 11 - 
6 1.53 ± 0.22 1.17 ± 0.07 3.0 ± 0.3 1.62 ± 0.07 8 ± 1 1569 ± 35 191 ± 5 - 
7 2.12 ± 0.33 1.24 ± 0.07 3.0 ± 0.6 2.06 ± 0.12 32 ± 1
 
1854 ± 59 219 ± 4 - 
8 1.36 ± 0.07 1.19 ± 0.09 2.4 ± 0.1 1.52 ± 0.08 7 ± 1 1798 ± 240 221 ± 4 - 
9 1.21 ± 0.14 0.73 ± 0.05 3.3 ± 0.6 1.65 ± 0.12 14 ± 1 992 ± 20
 
224 ± 11 - 
10 1.48 ± 0.24 1.33 ± 0.17 3.2 ± 0.4 1.78 ± 0.22 37 ± 2 1140 ± 100 326 ± 19 - 
11 1.50 ± 0.12 1.40 ± 0.14 2.4 ± 0.2 2.07 ± 0.10 17 ± 2 1099 ± 43
 
578 ± 29 - 
12 1.20 ± 0.09 1.11 ± 0.07 3.1 ± 0.6 1.76 ± 0.14 23 ± 2 728 ± 120 134 ± 8 - 
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Table 4. (Continuation) 
Sampling Location 
Metal concentration in hard tissues of P. pollicipes (mg.kg
-1
 or g.kg
-1
, dry wt.) 
Cd Cr Cu Ni Mn Zn Fe 
Ca 
(g.kg
-1
, dry
 
wt) 
Limit of detection 0.008 0.074 0.167 0.083 2.083 6.25 4.17 0.012 
1 0.148 ± 0.027 0.132 ± 0.016 0.56 ± 0.09 0.19 ± 0.01 3.4 ± 0.3 29 ± 7 25 ± 2 411 ± 17 
2 0.176 ± 0.038 0.083 ± 0.014 0.89 ± 0.13 0.25 ± 0.03 3.8 ± 0.3 40 ± 2 27 ± 2 377 ± 28 
3 0.114 ± 0.011 < LD 0.68 ± 0.12 0.21 ± 0.01 6.3 ± 0.7 27 ± 1 16 ± 1 388 ± 15 
4 0.193 ± 0.008 < LD 0.48 ± 0.05 0.18 ± 0.01 4.5 ± 0.4 47 ± 6 12 ± 2 404 ± 30 
5 0.101 ± 0.020 0.111 ± 0.004 0.87 ± 0.30 0.20 ± 0.03 3.8 ± 0.1 34 ± 7 16 ± 2 388 ± 27 
6 0.195 ± 0.006 0.077 ± 0.006 0.81 ± 0.03 0.25 ± 0.02 5.4 ± 1.2 59 ± 8 17 ± 1 398 ± 6 
7 0.241 ± 0.020 < LD 0.26 ± 0.03 0.25 ± 0.02 6.3 ± 0.7 28 ± 3 20 ± 1 413 ± 23 
8 0.143 ± 0.026 0.105 ± 0.019 0.29 ± 0.03 0.21 ± 0.05 1.1 ± 0.2 58 ± 15 11 ± 1 412 ± 29 
9 0.063 ± 0.001 < LD 0.39 ± 0.10 0.12 ± 0.01 5.0 ± 1.2 8 ± 1 4 ± 1 396 ± 7 
10 0.083 ± 0.014 0.085 ± 0.028 0.19 ± 0.07 0.21 ± 0.01 8.2 ± 1.9 20 ± 1 11 ± 1 394 ± 30 
11 0.044 ± 0.005 0.075 ± 0.012 0.37 ± 0.06 0.25 ± 0.04 3.9 ± 0.5 19 ± 5 23 ± 6 384 ± 9 
12 0.075 ± 0.001 0.130 ± 0.031 0.33 ± 0.03 0.24 ± 0.01 6.5 ± 0.1 30 ± 1 22 ± 1 386 ± 8 
Limits of detection and recovery percentages of the SRM 2976 Reference Mussel Tissue, certified for inorganic elements, are also included. 
Mean ± standard deviation (n=3). 
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Table 5. Correlations between metal concentrations in coastal seawaters (nanogrammes per litre) and P. pollicipes 
soft and hard tissues (milligrammes per kilogramme, dry weight) performed by linear regression models: Y [P. 
pollicipes tissue] = a.X [coastal seawater] + b. The linear coefficient correlations (R
2
) with (*) marked statistical 
significant correlations (P<0.05).     
Correlations between metal 
concentrations in coastal 
seawaters and  P. pollicipes 
tissues 
Linear Regression Model 
Y = a.X + b 
Soft tissues 
 
Hard tissues 
a b R
2 
 
a b R
2 
Cd 0.1272 0.8199 0.4955* 
 
- 0.0051 0.1487 0.0306 
Cr 0.0033 0.2617 0.7932*  - 0.00002 0.10211 0.0050 
Cu 0.0014 2.413 0.5747*  0.0009 0.1775 0.3556 
Fe 0.0675 132.9 0.5710*  - 0.0040 21.32 0.0623 
Mn 0.0506 -20.72 0.5939*  0.0015 3.330 0.4714* 
Ni 0.0005 1.471 0.5949*  0.00004 0.20444 0.2500 
Zn 0.0137 866.3 0.3412  0.0005 14.62 0.3437 
 
The metal bioaccumulation factor (BAF) is considered an adequate approach 
to evaluate efficiencies of accumulation of metals in barnacle soft tissues (Morillo 
et al., 2005). The log BAF values are shown in Table 6 and were calculated as log-
transformed ratio between metal concentrations in barnacle soft tissues 
(milligrammes per kilogramme, dry mass) and coastal seawaters (nanogrammes 
per litre). The metals that P. pollicipes bioaccumulated more efficiently were Fe, 
Cd and Zn with mean log BAF values of 5.57, 5.47 and 4.41, respectively, 
reflecting goose barnacles high sensitivity to these metals. Lower mean log BAF 
values were obtained for Cr, Mn, Cu and Ni reaching only 4.18, 4.14, 3.98 and 
3.51, respectively, which may be due to their low bioavailabilities in these coastal 
seawaters or the P. pollicipes ability to regulate/eliminate them. 
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Table 6 - Metal Bioaccumulation Factor (log BAF) in the soft tissues of Pollicipes pollicipes of the 12 sampling 
locations. 
Sampling 
Location 
Bioaccumulation Factor (log BAF) 
Cd Cr Cu Ni Mn Zn Fe 
1 4.86 4.52 3.55 3.50 4.17 3.86 5.80 
2 5.87 4.32 3.73 3.62 4.34 4.32 6.08 
3 6.28 3.88 3.61 3.21 3.84 4.66 5.32 
4 5.26 3.71 3.80 4.28 4.23 5.02 5.95 
5 6.45 3.90 4.14 3.64 4.22 4.56 5.41 
6 5.54 4.13 3.49 3.70 4.07 4.23 5.18 
7 5.52 3.94 3.96 2.78 4.44 4.37 5.77 
8 5.02 3.97 4.55 3.39 3.66 3.92 4.75 
9 5.27 4.15 4.44 3.35 4.15 4.82 5.49 
10 5.16 4.30 4.15 3.75 4.14 4.30 5.62 
11 5.07 4.66 4.72 3.51 4.44 4.53 5.51 
12 5.36 4.73 3.62 3.37 3.92 4.29 5.99 
 
Considering the physico-chemical parameters and metal concentrations in 
seawaters and goose barnacle soft tissues, the “CLUSTER” analyses of PRIMER 
software, after Bray–Curtis similarity matrix and data logarithmic normalisation, 
allowed obtaining six different groups of sites (Fig. 2): 
1. Group A: formed by location 8 (“Vila do Conde”), with more than 92% of 
similarity relatively to the other groups, showed the highest 
concentrations of Fe, Mn and Zn in seawaters; 
2. Group B: formed by location 11 (“Forte do Paçô”), with more than 93% of 
similarity relatively to the other groups, showed the lowest concentrations 
of Cu and Mn in seawaters, the highest concentrations of Cr, Fe and Ni in 
soft tissues and the lowest concentration of Cu in soft tissues; 
3. Group C: formed by location 1 (“Paramos”), with more than 94% of 
similarity relatively to the other groups, showed the lowest concentrations 
of Cd, Cr, Cu and Mn in soft tissues; 
4. Group D: formed by location 4 (“Leça da Palmeira”), with more than 95% of 
similarity relatively to the other groups, showed low Fe and Ni 
concentrations and high Cd concentrations in seawaters and soft tissues; 
5. Group E: formed by locations 2, 3, 5 and 6 (Oporto metropolitan area) and 
location 7 (“Vila do Conde” - South), with more than 96.44% of similarity 
relatively to the other groups, mainly due concentrations of metals in 
seawaters: Zn (14.31%); Fe (9.99%); Mn (9.78%); Cu (8.25%) and Ni (8.15%) 
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and concentrations of Zn (10.00%) and Fe (7.60%) in soft tissues, whose 
cumulative contribution to formation of this group reached 68.09%. The 
physico-chemical parameters contributed with a cumulative percentage of 
14.74%. This group showed very high concentrations of Zn in soft tissues, 
high concentrations of Cu and Fe in seawaters and low concentrations of 
Ni in seawaters and soft tissues; 
6. Group F: formed by locations 9 (“Fão-Ofir”), 10 (“Viana do Castelo”) and 12 
(“Moledo”), with more than 96.33% of similarity relatively to the other 
groups, mainly due concentrations of metals in seawaters: Zn (14.10%); 
Mn (10.12%); Fe (9.48%); Ni (8.39%) and Cu (8.24%) and concentrations of 
Zn (9.97%) and Fe (7.56%) in soft tissues, whose cumulative contribution 
for the formation of this group reached 67.88% of the similarity. The 
physico-chemical parameters contributed with a cumulative percentage of 
13.99%. This group showed median/low concentrations of Fe, Mn and Zn 
in seawaters and soft tissues and high concentrations of Cu and Ni in soft 
tissues. 
 
Fig. 2 Bray–Curtis similarity diagram showing the association of the sampling locations according to metal 
concentrations in soft tissues of P. pollicipes and the physico-chemical parameters of the seawater. 
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The formation of these groups of locations allowed to identify different 
ecological qualities along the northwest coast of Portugal: Oporto metropolitan 
area (locations 2–6), including “Leça da Palmeira” and “Vila do Conde”, with higher 
metal levels in seawaters and/or P. pollicipes soft tissues, should have worst 
ecological quality than, in example, “Paramos”, “Viana do Castelo” or “Moledo”. 
The ecological quality classification of the coastal waters of each location is 
shown in “Ecological quality of the coastal seawaters” Section. 
 
4.3.3 Goose barnacle shell plates – total metal concentrations 
 
The total–total metal concentrations obtained in P. pollicipes hard tissues 
(shell plates) are shown in Table 4. Significant spatial metal variation was 
obtained along the coast (p<0.05) and their ranges were: 0.044–0.241 mg Cd 
kg
−1
; <0.074–0.132 mg Cr kg−1; 0.12–0.25 mg Ni kg−1; 0.19–0.89 mg Cu kg−1; 1.1– 
8.2 mg Mn kg
−1
; 4–27 mg Fe kg−1; 8–59 mg Zn kg−1and 377–413 g Ca kg−1. 
However, goose barnacle hard tissues apparently did not reflected metal 
concentrations of seawaters, but bioaccumulated metals by the same order of 
their soft tissues: Ca>Zn>Fe>Mn>Cu>Ni>Cd∼Cr. 
 
The linear regressions obtained between metal concentrations in coastal 
seawaters and P. pollicipes hard tissues (shell plates) are shown in Table 5. 
Normality of metal data was confirmed with Shapiro–Wilk test (p>0.9259). Unlike 
the good correlations observed with goose barnacle soft tissues, the correlations 
between metal concentrations in coastal seawaters and P. pollicipes shell plates 
were: (1) no significant (p>0.05) for Cd, Cr, Cu, Fe, Ni and Zn and (2) significant 
(p<0.05) for Mn. Although significant correlation was obtained for Mn, the 
squared correlation coefficient value (R
2
) was very low to be accepted: 0.4714. 
These results suggested that goose barnacle shell plates do not reflect 
adequately metal uptake from seawaters and should not be considered ideal 
material to biomonitor metal contamination in environment. As acorn barnacles, 
metal bioaccumulation in goose barnacle hard tissues seems to be influenced 
mainly by: (1) metabolic processes of metal regulation as metal assimilation from 
phytoplankton and zooplankton diets and metal efflux rates; (2) mineralization 
processes during shell plates formation, when replacement of Ca by other 
bioavailable metals in seawaters may occur, which may be masking metal 
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bioaccumulation (da Silva et al., 2004, 2005, 2009; Hockett et al., 1995, 1997; 
Ng et al., 2005; Rainbow, 2007; Rainbow and Wang, 2001, 2005; Rainbow and 
White, 1989; Rainbow et al., 2003, 2004b; Viarengo and Nott, 1993; Wang and 
Rainbow, 2000, 2005, 2008; Wang et al., 1999; Watson et al., 1995). 
 
These preliminary results showed that P. pollicipes shell plates cannot be 
considered an ideal matrix for monitoring metal bioavailability in these coastal 
seawaters. The same conclusion was reported by Watson et al. (1995) with shell 
plates of acorn barnacle Semibalanus balanoides, due significant variations of 
metal concentrations over time. 
 
4.3.4 Ecological quality of the coastal seawaters 
 
Metal concentrations obtained in goose barnacle P. pollicipes soft tissues 
from NW coast of Portugal were compared with available-reported metal 
concentrations in soft tissues of acorn barnacle species of different locations 
around the world (Reis et al., 2011). In general, these comparisons showed that 
Portuguese goose barnacle P. pollicipes had lower or similar bioaccumulation of 
metals than acorn barnacle species. As example, comparing Portuguese acorn 
barnacle Chthamalus stellatus (south–southwest coast of Portugal), P. pollicipes 
exhibited lower concentrations of Cd and Cu, but much higher concentrations of 
Zn, probably due Portuguese coastal seawaters contamination with Zn (Stenner 
and Nickless, 1975). Extending these comparisons to other acorn barnacle 
species reported in Reis et al. (2011), Portuguese P. pollicipes soft tissues showed 
low metal concentrations, even for Fe and Cd, which are the metals with highest 
BAF of our work. Except for Zn, our results suggested that metal bioavailabilities 
in seawaters from the NW coast of Portugal are low. 
 
According to European Community Commission Regulation No. 629/2008 of 
July 2, 2008, which established rules for food consumption safety, the maximum 
concentration of Cd allowed in crustaceans soft tissues is 0.50 mg Cd kg−1 (wet 
weight) or 2.50 mg kg−1 (dry weight, assuming 80% of water) (EU, 2008). All 
samples of P. pollicipes showed concentrations of Cd lower than this reference 
value, which suggests that NW coastal waters of Portugal have low Cd 
contamination. However, according to Norwegian Pollution Control Authority, 
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which establish metal concentrations guidelines (SFT TA-1467/1997) for blue 
mussel Mytilus edulis (Table 3), all coastal seawaters from NW coast of Portugal 
should be classified as “Class I – Unpolluted/Slightly Polluted” for Cu, as “Class I/II 
– Unpolluted/Moderately Polluted” for Cd, but “Class III/IV – Remarkably/Highly 
Polluted” for Zn. Therefore, Cd and Zn are the major concerns, since its 
bioavailabilities in seawaters and its bioaccumulations in P. pollicipes soft tissues 
were high. 
 
4.4 Conclusions 
 
This study showed that goose barnacle P. pollicipes proved to be an adequate 
species to assess spatial variation of metal bioavailabilities in coastal seawaters of 
NW coast of Portugal. P. pollicipes soft tissues, but not their shell plates, may be 
used for monitoring metal contamination in seawaters, since there were 
significant positive correlations (p<0.05) between all metal concentrations in 
seawaters and in P. pollicipes soft tissues, except for Zn (p>0.05). It suggested 
that P. pollicipes has Zn regulation processes, which will require further 
investigation. In terms of classification of water quality based in metal 
concentrations, NW coast of Portugal should be classified as “Class I/II - 
Background Level/Good” or “Unpolluted/Slightly Polluted”, except for Cd and Zn. 
Regarding the very high concentrations of Zn in seawaters and P. pollicipes soft 
tissues, all coastal seawaters from NW coast of Portugal should be considered as 
“Class III/IV – Remarkably/Highly Polluted”. 
 
This work intends to introduce data on metal concentrations in coastal 
seawaters and in soft/hard tissues of goose barnacle P. pollicipes from NW coast 
of Portugal, which will allow constructing a useful database for comparison 
purposes in future similar works. However, these preliminary conclusions need 
further investigations with more complete metal monitoring programs in different 
seasons. 
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Seasonal uptake of metals by the barnacle Chthamalus montagui in the 
northwest Portuguese coast correlate with water contamination levels 
 
Abstract 
 
The concentrations of Cd, Cr, Cu, Fe, Mn and Zn were determined in seawaters 
and soft tissues of Chthamalus montagui from the northwest coast of Portugal 
during each season of 2011. This work allowed to establish correlations between 
metals in coastal seawaters and C. montagui and to calculate their metal 
bioaccumulation factors (BAFs). This work also showed that there were: (i) 
significant spatial and seasonal variations of metal concentrations in seawaters 
and C. montagui tissues; (ii) significant correlations between metal 
concentrations in seawaters and C. montagui tissues during each season and (iii) 
mean log BAF values were higher for Fe, Cd and Cr than for Cu, Mn and Zn. 
Regarding the metal concentrations obtained in seawaters and C. montagui 
tissues during each season of 2011, the ecological quality classifications of the 
NW coast of Portugal varied from “Class I – Unpolluted” to  “Class III – Remarkably 
Polluted”. 
 
 
Keywords: Chthamalus montagui; Biomonitor; Metals; Coastal Waters; Portugal 
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5.1 Introduction 
 
Metals have the potential to cause toxic effects in organisms living in coastal 
ecosystems where their concentrations are highly available (Rainbow et al, 2000). 
Despite some metals are considered essential to marine organisms (Co, Cr, Cu, 
Fe, Ni, Mn, Mo, Se, V and Zn), concentrations above threshold levels are toxic, 
particularly of Ag, Cd, Cu, Hg and Pb (Blackmore, 1998). The anthropogenic 
activities are the main sources of metals in coastal ecosystems, although Cd and 
Pb can be also introduced by atmospheric transport and Co, Fe, Mn and Ni by 
erosion processes (Rainbow et al., 2004).  
 
There are three main fates for metals of seawaters: (i) precipitation (due 
oversaturation, changes in water pH or mixture with freshwater bodies), (ii) 
adsorption to organic and inorganic matter and (iii) assimilation by marine 
organisms (Blackmore, 1998). Thus, metal contamination of coastal ecosystems 
should be measured through chemical analyses of the different habitats 
compartments: water, sediments and biomonitors (Blackmore, 1998; Philips and 
Rainbow, 1994).  
 
Direct analyses of metals in seawaters have several disadvantages: (i) 
expensive; (ii) laborious (which can lead to contaminations); (iii) large volumes of 
seawater and pre-concentration methods are required to detect the vestigial 
concentrations; (iv) concentration overestimations (when chemical speciation is 
not taken into account); (v) significant concentration variations (due different 
seasons, depths of sampling, tides or estuarine affluent flows) and (vi) the 
presence of metals in water does not necessarily cause their entrance into food 
chains (Barbaro et al, 1978; Blackmore, 1998). Therefore, the use of biomonitors 
overcomes these disadvantages and provides time-integrated measurements of 
exposure to all sources of bioavailable metal forms over a period of time (Philips 
and Rainbow, 1994). On other hand, comparisons of concentrations in a 
biomonitor species from different locations and between seasons are indeed 
comparisons of recent bioavailabilities and seasonal variations of contamination 
levels (Philips and Rainbow, 1994). 
 
Chapter 5 - Seasonal uptake of metals by the barnacle Chthamalus montagui in 
the northwest Portuguese coast correlate with water contamination levels 
 
121 
 
There are several marine species that are being used in the Biomonitoring 
Watch Programmes, for example, mussels of genus Mytilus and barnacles of 
genera Amphibalanus or Balanus in US, IndoPacific or Europe (Lauenstein et al., 
1990; Beliaeff et al, 1998; Cantillo, 1998; Rainbow and Blackmore, 2001; Rainbow 
et al., 2000, 2002, 2004; Reis et al., 2011). Philips (1977) suggested that to avoid 
spurious ecological interpretations, along all locations and during the different 
seasons, biomonitors should show significant correlations between the 
concentrations of contaminant bioaccumulated in their tissues and in the 
environment.  
 
In the present work, acorn barnacles Chthamalus montagui were used as 
biomonitors of metal contamination in the northwest (NW) Atlantic coast of 
Portugal during the four seasons of 2011. The main objectives were: 
(i)     To collect data on metal concentrations in coastal seawaters and tissues 
of C. montagui of the NW coast of Portugal, which will allow to construct 
a useful metal database; 
(ii)    To assess spatial and seasonal variations of metal availabilities in 
seawaters; 
(iii) To establish relationships between metal availabilities of seawaters and 
metals accumulated in C. montagui tissues; 
(iv) To calculate bioaccumulation factors of metals in C. montagui tissues; 
(v)     To assess spatial and seasonal variations of metal contamination in the 
NW coast of Portugal; 
(vi) To assess the ecological quality of the NW coast of Portugal based on 
metal concentrations in seawaters and C. montagui tissues. 
 
5.2 Materials and Methods 
5.2.1 Study Area 
 
During the four seasons of 2011 (winter, spring, summer and autumn), ten 
locations along the NW coast of Portugal were monitored (Fig. 1). These sampling 
locations were selected because they showed large abundance of C. montagui 
during all year and are exposed to different metal concentrations (Reis et al., 
2012a). 
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Fig. 1 Geographical distribution of the 10 sampling locations along the northwest coast of Portugal. 
 
5.2.2. Reagents and material 
 
The reagents used in this work were at least of pro analysis (p.a.) grade: HNO
3
 
(Fluka, 35% (w/w), Suprapure); resin Chelex-100 (Fluka, Na
+
 form, 100-200 mesh, 
p.a.); NH
3 
solution (Panreac, 25% (w/w), p.a.) and NH
4
CH
3
COO (Panreac, p.a.). The 
daily working metal standard solutions were prepared by weight from stock 
solutions of 1000 mg.L
-1
 (Fluka, p.a.). All working solutions were prepared with 
ultra-pure water from Milli-Q system (conductivity: 0.054 µS.cm
-1
 at 25 ºC). All 
materials were previously decontaminated in nitric acid solution (20%, v/v), at 
least for 24 h, and washed with deionised water (conductivity: <0.066 µS.cm
-1
 at 
25 ºC; Elix-3 system). These proceedings were according APHA recommendations 
(APHA,1998a).  
 
5.2.3  Sampling strategy and analytical methods 
5.2.3.1 Coastal seawaters 
 
During the four sampling seasons, three seawater replicates (n=3) were 
collected in each sampling location with polyethylene bottles. In laboratory, 
1 –  Paramos 
2 –  Foz 
3-   Castelo do Queijo 
4-    Leça da Palmeira 
5 –  Cabo do Mundo 
6 –  Vila do Conde 
7 –   Fão-Ofir 
8 –   Viana do Castelo 
9 –   Forte do Paçô 
10 – Moledo 
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samples were immediately filtered (Whatman, cellulose nitrate membrane filter, 
0.45µm), acidified (pH<2) and frozen (-8 ºC) until analyses. Dissolved metal 
concentrations (Cd, Cr, Cu, Fe, Mn and Zn) were determined by Atomic 
Absorption Spectrometry (SpectrAA 220 FS, Varian) with flame atomization (Marck 
7, Varian) or electrothermal atomization (Autosampler GTA 110, Varian) and with 
deuterium background correction system, according to APHA recommendations 
(APHA, 1998b and c). Vestigial concentrations of metals in seawater were pre-
concentrated (concentration factor: 50) by a solid phase extraction (SPE) method, 
which also allowed removal of interfering ions (Reis et al., 2012a,b). This 
analytical procedure was checked using seawater samples spiked with known 
amounts of each metal and showed mean recoveries higher than 93% for all 
elements (Mean ± Standard Deviation, n=4: Cd: 105±18%; Cr: 102±17%; Cu: 
111±12%; Fe: 102±22%; Mn: 93±17% and Zn: 98±18%). 
 
5.2.3.2 Chthamalus montagui 
 
C. montagui were collected at the same time and location as the seawater 
samples. Following the sampling strategy of Reis et al. (2012a), at least three 
hundred individuals (size: 1–5 mm rostro-carinal axis) were collected from 
intertidal rocks and transported in refrigerated containers to the laboratory within 
8 hours.  
 
C. montagui individuals were dissected and their soft tissues separated from 
shell plates. The soft tissues were divided into three replicates of 100 non-
depurated individuals, lyophilized and homogenized. It has been shown that 
among replicate samples, body size does not affect the accumulation of trace 
metals, since the mean dry weights of 10 randomly pooled individuals showed no 
significant differences (p<0.05) (Morillo et al., 2005; Morillo and Usero, 2008; 
Reis et al, 2012a,b).  
 
Soft tissues samples were digested following the method of Reis and Almeida 
(2008) and total metal (Cd, Cr, Cu, Fe, Mn and Zn) concentrations were 
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determined by Atomic Absorption Spectrometry with flame atomization and 
electrothermal atomization, according to APHA recommendations (APHA, 
1998b,c). The equipment working parameters and matrix modifiers were those 
recommended by Varian analytical methods (Varian, 1988 and 1989).  
 
Samples spiked with known amounts of metals and standard reference 
material certified for trace metals in mussel tissues (NIST SRM 2976) were used to 
check, respectively, potential matrix effects and the suitability of the analytical 
procedure for metal determinations in soft tissues of C. montagui. The analyses 
of the spiked samples (Mean ± Standard Deviation, n=4: Cd: 95±9%; Cr: 101±10%; 
Cu: 96±16%; Fe: 101±14%; Mn: 101±12% and Zn: 97±13%) and NIST SRM 2976 
(Mean ± Standard Deviation, n=4: Cd: 94±18%; Cr: 114±14%; Cu: 97±10%; Fe: 
96±6%; Mn: 108±4% and Zn: 106±3%) showed mean recoveries above, 95% and 
94%, respectively for all elements. Bioaccumulation factors (BAF) for each metal 
were calculated as the concentration of the metal in the barnacle tissues divided 
by the concentration of the metal in the seawater converted to equivalent units. 
 
5.2.4 Data analysis 
 
To assure reproducibility of measurements, Varian software was programmed 
to work with precisions below 10% between readings, in a maximum of four 
readings per replicate. For each metal, external calibrations were carried out with 
aqueous standards solutions. Blank solutions were prepared following the same 
treatment of samples and their metal concentrations were below the limit of 
detection of the analytical procedure for all elements. These limits of detection 
were calculated according to APHA recommendations (Seawater (ng.L
-1
): Cd: 0.30; 
Cr: 1.35; Cu: 18; Fe: 25; Mn: 36 and Zn: 446; C. montagui tissues (mg.kg
-1
, dry 
wt): Cd: 0.076; Cr: 0.013; Cu: 0.191; Fe: 7.02; Mn: 1.78 and Zn: 26.6) (APHA, 
1998d). 
 
For statistical analyses, a sequence of steps was carried out (Underwood, 
1997; Rainbow et al., 2004; Silva et al., 2006): (i) the normality of all metal 
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concentrations distribution (seawaters and soft tissues) was checked with 
Shapiro-Wilk test, considering one level of significance (p<0.05), using SPSS 
software; (ii) as some values failed normality test, all metal values were 
logarithmically (base 10) transformed to reduce deviations of data sets from 
normal distribution; (iii) the homogeneity of variances was checked with Cochran 
test, considering one level of significance (p<0.05), using WinGMAv 5 software 
(EICC, University of Sydney); (iv) two-way analyses of variance (ANOVA) were used 
to locate significant (p<0.05) differences in metal values among sampling 
locations (spatial variations) and sampling seasons (temporal variations), using 
WinGMAv 5 software (EICC, University of Sydney); (v) unplanned comparisons 
(post hoc tests) based on metal concentrations were carried out to establish 
groups of sampling locations and sampling seasons which differ significantly 
(p<0.05), using Student-Newman-Keuls (SNK) test for ANOVAs from WinGMAv 5 
software (EICC, University of Sydney). 
 
5.3 Results and discussion 
5.3.1 Coastal seawater - dissolved metal concentrations 
5.3.1.1 Spatial and seasonal variations   
 
Dissolved metal concentrations (Cd, Cr, Cu, Fe, Mn and Zn) obtained in 
coastal seawaters during the four sampling seasons are shown in Figure 2. 
 
The dissolved metal fractions were considered acceptable and representative 
of the environmental metal available to C. montagui from NW coast of Portugal 
(Reis et al, 2012a). Independent of season or location, the metal concentrations 
ranged for Cd: 1.2-35 ng.L
-1
; Cr: 15-87 ng.L
-1
; Mn: 77-1763 ng.L
-1 
ng.L
-1
; Cu: 126-
1819; Fe: 430-4048 ng.L
-1 
and Zn: 2889-16867 ng.L
-1
. In what season is 
concerned, there is no apparent pattern of metal distribution along the coast: Fe 
and Cd were highest during autumn, whereas Cr and Zn were highest in spring, 
Cu in winter and Mn in summer.  
 
Indeed, significant spatial variations of metal availabilities (p<0.05) were 
obtained along the NW coast of Portugal during the four seasons. These spatial 
variations were study using two different approaches:  
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Fig. 2 Metal concentrations (ng.L
-1
) in seawater of the 10 locations in each season of 2011. In each season, 
different letters shows significant spatial differences (p<0.05): increasing order of concentrations is A<B<C, etc. 
In each location, different numbers shows significant temporal differences (p<0.05): increasing order of 
concentrations is 1<2<3, etc. 
 
A)   Dependent of season, the highest concentrations were obtained in: 
location 1 for Cu and Mn in winter, Fe in spring and Cr and Mn in autumn; 
(ii) locations 2, 6 and 10, respectively, for Cd in winter and spring and Cu 
in autumn; location 3 for Cr and Fe in spring and Mn and Zn in summer; 
location 4 for Cr in winter and Cu in summer; location 5 for Cu, Mn and 
Zn in spring and Cd in summer; location 7 for Cd in autumn and Cr and 
C
,4
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Fe in summer and location 8 for Fe in winter and autumn and Zn in 
winter; 
 
B)   Independent of season, location 1 showed the highest and lowest 
concentrations of, respectively, Cu and Cd; location 2 showed the lowest 
concentration of Zn; location 3 showed the highest concentrations of Cr 
and Mn; locations 5, 7 and 8 showed the highest concentration of, 
respectively, Zn, Cd and Fe. Finally, location 10 showed the lowest 
concentrations of Cr and Mn. It seems that the highest concentrations of 
each metal occurred in different locations, except for Mn and Cr that were 
most abundant in location 3.  
 
Significant seasonal variations of metal availabilities (p<0.05) were also 
obtained along the NW coast of Portugal during the four seasons. These seasonal 
variations were also study using two different approaches:  
A)   Independent of location, the metal concentrations in each sampling 
season followed these increasing orders: (i) winter: Cd < Cr < Mn < Cu ~ 
Fe < Zn; (ii) spring: Cd < Cr < Cu ~ Mn < Fe < Zn; (iii) summer: Cd < Cr < 
Cu < Fe < Mn < Zn and (iv) autumn: Cd < Cr < Cu < Mn < Fe < Zn. These 
results showed that although the highest concentration of metal is not 
season dependent, there is a relative abundance consistency along 
season and the larger variation of concentrations is due to location and 
metal rather than season.  
B)   Dependent of location, in all locations of NW coast of Portugal, the winter-
spring seasons showed minimum mean concentrations for Cd, Fe, Mn and 
Zn (except locations 3 and 10 for Cd; locations 2, 3 and 10 for Fe and 
locations 3, 5 and 8 for Zn) and maximum mean concentrations for Cr 
and Cu (except locations 1 and 10, respectively, for Cr and Cu). The 
summer-autumn seasons showed minimum mean concentrations for Cr in 
location 6 and for Cu in locations 1 and 4 and maximum mean 
concentrations for Cd, Fe, Mn and Zn in all locations (except location 1 
for Fe, location 2 for Cd and locations 5 and 8 for Zn).  
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5.3.1.2 Ecological quality of the coastal seawaters based on metal 
concentrations in seawaters 
 
According to the Norwegian Pollution Control Authority guidelines for metals 
in coastal seawaters (SFT TA-2229/2007), the NW coast of Portugal can be 
classified as “Class I/II - Background Level or Good” during the four seasons of 
2011, except for Cu and Zn (Table 1). Regarding Cu, “Class IV – Bad” was 
obtained only in winter in all locations, except locations 7 and 10 (SFT, 2007). 
However for Zn, all coastal seawaters should be classified as “Class IV – Bad” 
during all seasons, except in locations 2, 4, 7 and 10 in winter and locaion 7 in 
summer.  
 
The ecological quality classifications of seawaters obtained in 2011 remained 
similar to 2009 and 2010 (Table 1; Reis et al, 2012a,b). However, there are some 
positive indications of a decrease of metal contamination in Portuguese 
seawaters, particularly for Zn: summer 2009 (51,374 ng.L
-1
) > summer 2010 
(24,874 ng.L
-1
) > summer 2011 (8,230 ng.L
-1
) (Reis et al., 2012a,b).
 
 
5.3.2 Barnacle soft tissues – Total metal concentrations 
5.3.2.1 Spatial and seasonal variations   
 
Total metal concentrations (Cd, Cr, Cu, Fe, Mn and Zn) obtained in C. 
montagui soft tissues from NW coast of Portugal during the four seasons of 2011 
are shown in Figure 3. 
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Table 1 – Ecological Quality Classification of seawaters of the 10 locations of the Northwest coast of Portugal, during summers of 2009, 2010 (Reis et al., 2012a,b) and 2011 (this 
study), based on guideline metal concentrations for seawaters (SFT TA-2229/2007) and for blue mussel Mytilus edulis soft tissues (SFT TA-1467/1997). 
Legislation 
Coastal Seawater 
Classification 
Element 
 Ecological Quality Classification 
(SFT TA-2229 / SFT TA-1467) 
Cd Cr Cu Zn Location 
Summer 
2009 
Summer 
2010 
Summer 
2011 
 
SFT TA-2229 
 
Guideline values 
(ng.L
-1
) 
Class I – Background < 30 < 200 < 300 < 1500 1 IV / III IV / III IV / II 
Class II – Good 30 – 240 200 – 3400 300 – 640 1500 – 2900 2 IV / III IV / IV IV / II 
Class III – Moderate 240 – 1500 3400 – 36000 640 – 800 2900 – 6000 3 IV / III IV / IV IV / III 
Class IV – Bad 1500 – 15000 36000 – 360000 800 – 7700 6000 – 60000 4 IV / III IV / IV IV / III 
Class V – Very Bad > 15000 > 360000 > 7700 > 60000 5 IV / III IV / IV IV / III 
 
SFT TA-1467 
 
Guideline values 
(mg.kg
-1
, dry wt.) 
Class I – Unpolluted < 2 - < 10 < 200 6 IV / II IV / IV IV / I 
Class II – Moderately 
Polluted 
2 – 5 - 10 – 30 200 – 400 7 IV / I IV / III III / I 
Class III – Remarkably 
Polluted 
5 – 20 - 30 – 100 400 – 1000 8 IV / III IV / IV IV / II 
Class IV – Highly 
Polluted 
20 – 40 - 100 – 200 1000 – 2500 9 IV / III IV / IV IV / II 
Class V – Very Highly 
Polluted 
> 40 - > 200 > 2500 10 IV / III IV / IV IV / II 
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Fig. 3 Metal concentrations (mg.kg
-1
, dry wt.) in soft tissues of Chthamalus montagui of the 10 locations in each 
season of 2011. In each season, different letters shows significant spatial differences (p<0.05): increasing order 
of concentrations is A<B<C, etc. In each location, different numbers shows significant temporal differences 
(p<0.05): increasing order of concentrations is 1<2<3, etc. 
 
Independent of season or location, the metal concentrations (mg.kg
-1
, dry wt.) 
ranged for Cd: 0.39 – 1.98; Cr: 0.45 – 3.13; Cu: 0.93 – 5.70; Mn: 2.2 – 20.4; Fe: 
135 - 707 and Zn: 119 - 782. 
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Significant spatial variations of metal concentrations (p<0.05) were obtained 
along the NW coast of Portugal during the four seasons. These spatial variations 
were study using the same two previous approaches:  
(A) Dependent of season, the highest concentrations were accumulated in 
barnacles in location 1 for Cu, Fe and Mn at winter and Fe in spring; 
locations 2, 7, 9 and 6, respectively, for Cd and Cr in winter, Cr in spring 
and Zn in autumn; in location 3 for Mn in summer and Zn in winter; in 
location 4 for Cu and Zn in summer; in location 5 for Cu, Mn and Zn in 
summer and Cu, Fe and Mn in autumn; in location 8 for Mn in winter, Cr 
and Fe in summer and Cd and Cr in autumn and in location 10 for Fe in 
winter and Cd in spring and summer;  
(B)  Independent of season, locations 1, 2, 6 and 7 showed the highest 
concentrations of, respectively, Fe, Cd, Zn and Cr and location 5 showed 
the highest concentrations of Cu and Mn. As seawaters, it seems that the 
highest concentrations of each metal occurred in different locations, 
except for Cu and Mn that were most abundant in location 5. Contrary, 
locations 4, 7 and 9 showed the lowest concentrations of, respectively, 
Cd, Zn and Cu and location 6 showed the lowest of Cr, Fe and Mn.  
 
Significant seasonal variations of metal concentrations (p<0.05) were 
obtained along the NW coast of Portugal during the four seasons. These seasonal 
variations were also study using the same two previous approaches:  
A)   Independent of location, the mean metal concentrations in C. montagui 
soft tissues followed a constant order during the four seasons: Cd < Cr < 
Cu < Mn < Zn < Fe, which is the same order as seawaters (except for Zn: 
is not the most abundant metal in tissues). These results were found 
before by Reis et al. (2012a). Probably, barnacles accumulate Zn for their 
reproductive metabolism, that maybe under homeostatic regulation, but 
not Fe. During 2011, significant decrease of Zn concentrations had 
occurred in C. montagui and seawaters (Reis et al.2012a).  
B)   Dependent of locations, all locations showed maximum mean 
concentrations in winter-spring seasons for Cr, Cu and Mn (except 
location 8 for Cr, locations 4 and 10 for Cu and location 6 for Mn) and in 
summer-autumn seasons for Cd, Fe and Zn (except locations 2 and 3 for 
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Cd, locations 1, 2, 3 and 9 for Fe and location 8 for Zn). Contrary, all 
locations showed minimum mean concentrations in winter-spring seasons 
for Cd and Zn (except location 8 for Cd and locations 6, 7 and 8 for Zn) 
and in summer-autumn seasons for Cr, Cu, Fe and Mn (except in locations 
2, 6, 7 and 8 for Cr; locations 8 and 10 for Cu; locations 4, 6 and 10 for 
Fe and locations 2, 4 and 7 for Mn). 
 
5.3.2.2 Correlations between metal concentrations in seawater and C. 
montagui soft tissues 
 
For each season, the correlations between metal concentrations in coastal 
seawaters and C. montagui soft tissues were performed by linear regression 
models shown in Table 2.  
 
During the four seasons, there were significant positive correlations for all 
metals (p<0.05, R
2
>0.5054) between the concentrations in seawaters and C. 
montagui. These significant correlations suggest that dissolved metal 
concentrations of seawaters describe well the process of metal accumulation by 
C. montagui and they will give good estimates of the bioavailable metal fractions 
of each location. These conclusions are in accordance with the previous results of 
Reis et al (2012a). However, should be stated that some locations were 
considered outliers (SPSS software: metal values that changed linear correlation 
coefficients (R) more than 0.1) and were not used in linear regression models 
(Reis et al 2009, 2012a,b). 
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Table 2. Correlations between metal concentrations in coastal seawaters (ng.L
-1
) and Chthamalus montagui soft tissues (mg.kg
-1
, dry wt.) performed by linear regression models: Y 
[Chthamalus montagui tissue] = a.X [coastal seawater] + b.  
 
Correlations between metal concentrations in coastal seawaters and  C. montagui soft tissues 
Linear regression model: Y=a.X+b 
Winter Spring Summer Autumn 
Element a b R
2 
a b R
2 
a b R
2 
a b R
2 
Cd 0.1150 -0.1574 0.6264* 0.0189 0.3715 0.8222** 0.0352 0.2111 0.7172* 0.0205 0.7660 0.7711** 
Cr 0.0747 -0.3999 0.6689* 0.0218 0.6166 0.5054* 0.0398 0.0340 0.7321** 0.0183 0.5627 0.7700** 
Cu 0.0026 0.5279 0.8351** 0.0103 0.5799 0.9576** 0.0142 -0.7945 0.8251* 0.0028 1.0791 0.7674* 
Fe 0.3685 -24.15 0.9493** 0.3828 -44.91 0.8536** 0.3518 -132.0 0.7798* 0.1148 80.01 0.9019** 
Mn 0.0870 4.581 0.8289** 0.0341 6.142 0.7660* 0.0126 -7.620 0.8593** 0.0066 5.425 0.8515** 
Zn 0.0384 32.11 0.8405** 0.0254 12.06 0.8377** 0.0554 -198.6 0.9449** 0.0639 -243.5 0.8810** 
*P<0.05, the linear coefficient correlations (R
2
) are statistically significant correlations 
**P<0.001, the linear coefficient correlations (R
2
) are statistically very significant correlations 
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The regression line slopes reflect the bioaccumulation of metals in C. 
montagui and for one particular metal with higher slope than another, the same 
variation in seawater concentration will provoke a greater increase in C. montagui 
concentration, and vice-versa (Morillo et al. 2005; Reis et al., 2012a,b). During the 
four seasons, the regression line slopes (L of coastal seawater.kg
-1
 of soft tissue) 
of each metal were significantly different (p<0.05) and followed these orders: 
(i)   winter: Fe (368,548) > Cd (114,987) > Cr (74,682) > Zn (38,432) > [Mn 
(8,704) ~ Cu (2,555)]; 
(ii)  spring: Fe (382,787) > Mn (34,082) > [Zn (25,437) ~ Cr (21,782) ~ Cd 
(18,892)] > Cu (10,350); 
(iii) summer: Fe (351,759) > Zn (55,364) > [Cr (39,780) ~ Cd (35,189)] > [Mn 
(12,564) ~ Cu (14,199)]; 
(iv) autumn: Fe (114,780) > Zn (63,916) > [Cr (18,305) ~ Cd (20,480)] > [Mn 
(6,644) ~ Cu (2,842)]. 
 
During the four seasons, the metals with the highest and lowest regression 
line slopes were, respectively, Fe and Cu. Thus, an increase of Fe concentrations 
in seawaters will provoke a much higher bioaccumulation in C. montagui than the 
same increase of Cu. The other metals had different patterns during the four 
seasons, which suggests that more complex processes are involved in their 
bioaccumulation by barnacles, such as different biological metabolization 
processes (metal assimilation efficiencies and efflux rates). This is in accordance 
with the results obtained by Reis et al (2012a). However, these seasonal variations 
should be clarified in future studies with metals in barnacles C. montagui. 
 
This study showed that C. montagui can be used for monitoring metal 
bioavailabilities in coastal seawaters along the NW coast of Portugal during the 
four seasons of the year.  
 
The Metal Bioaccumulation Factor (BAF) approach is adequate to evaluate the 
efficiency of accumulation of metals by barnacles (Morillo et al., 2005; Reis et al., 
2012a,b). The log BAF values (basis 10) were calculated as log transformed ratio 
between metal concentrations in C. montagui soft tissues (mg.kg
-1
, dry wt.) and in 
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coastal seawaters (ng.L
-1
). The mean log BAF values of each metal are shown in 
Table 3 and were significantly different (p<0.05) during the four seasons: 
(i)   winter: Fe (5.53) > Cd (4.97) > Cr (4.75) > Zn (4.64) > Mn (4.19) > Cu 
(3.50); 
(ii)  spring: Fe (5.52) > Cd (4.85) > Mn (4.77) > Cr (4.49) > Zn (4.42) > Cu 
(4.13); 
(iii) summer: Fe (5.39) > Cd (4.69) > Cr (4.61) > Zn (4.47) > Cu (4.00) > Mn 
(3.84); 
(iv) autumn: Fe (5.19) > Cd (4.90) > Zn (4.63) > Cr (4.58) > Mn (4.16) > Cu 
(3.89). 
 
Table 3 – Mean metal bioaccumulation factors (log BAF) in soft tissues of Chthamalus montagui in each season 
of 2011. Mean log BAF values obtained by Reis et al. (2012b) in 2009 are also included. 
 
During the four seasons, C. montagui bioaccumulated Fe and Cd more 
efficiently, reflecting their high sensitivity to these metals. The lowest mean log 
BAF values were obtained for Cu and Mn, due their low bioavailabilities in 
seawaters and C. montagui physiological ability to regulate/eliminate them. 
These results are in accordance with the BAFs values obtained by Reis et al 
(2012a) in 2009: Fe (5.49) > Cr (4.93) > Cd (4.46) > Mn (4.03) > Zn (3.97) > Cu 
(3.74) (Table 3). Indeed, comparing different years, barnacle C. montagui had 
been showing much higher sensitivity and efficiency to bioaccumulate Fe, Cd and 
Cr from seawaters than Cu, Mn and Zn (Table 3).  
 
5.3.3 Ecological quality of the coastal seawaters  
 
Season 2011 
Mean log BAF values in soft tissues of C. montagui of NW coast of Portugal 
Cd Cr Cu Fe Mn Zn 
Winter 4.97 ± 0.15 4.75 ± 0.20 3.50 ± 0.10 5.53 ± 0.05 4.19 ± 0.13 4.64 ± 0.09 
Spring 4.85 ± 0.30 4.49 ± 0.09 4.13 ± 0.06 5.52 ± 0.08 4.77 ± 0.11 4.42 ± 0.05 
Summer 4.69 ± 0.06 4.61 ± 0.08 4.00 ± 0.11 5.39 ± 0.10 3.84 ± 0.40 4.47 ± 0.08 
Autumn 4.90 ± 0.26 4.58 ± 0.20 3.89 ± 0.13 5.19 ± 0.07 4.16 ± 0.13 4.63 ± 0.06 
 
   
 
 
 
2011 (Annual) 4.86 ± 0.23 4.61 ± 0.18 3.86 ± 0.26 5.42 ± 0.15 4.22 ± 0.36 4.54 ± 0.12 
 
 2009 
(Reis et al., 2012b) 
4.46 ± 0.12 4.93 ± 0.05 3.74 ± 0.07 5.49 ± 0.36 4.03 ± 0.14 3.97 ± 0.14 
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Comparisons with metal concentrations accumulated in acorn barnacle 
species of different locations around the world, resumed by Reis et al (2011), 
showed that Portuguese C. montagui have lower or similar metal concentrations, 
suggesting low metal bioavailabilities in seawaters from the NW coast of Portugal. 
 
Following European Community Commission Regulation No 629/2008, which 
established rules for food consumption safety, the maximum concentration of Cd 
allowed in crustaceans soft tissues is 0.50 mg Cd.kg
-1
 (wet wt.) or 2.50 mg Cd.kg
-1
 
(dry wt., assuming 80% of water) (EU, 2008). Although barnacle C. montagui is 
not considered an important economic commercial species in Portugal, all 
samples of C. montagui showed concentrations of Cd lower than this reference 
value, which confirmed that NW coast of Portugal have low Cd contamination.  
 
The Norwegian Pollution Control Authority (SFT TA-1467/1997) also classifies 
the ecological quality of coastal seawaters based on metal concentrations 
accumulated in a biomonitor (blue mussel Mytilus edulis) (Table 1). Considering 
these metal guidelines and the metal concentrations bioaccumulated by 
Portuguese C. montagui, all coastal seawaters can be classified as “Class I – 
Unpolluted” for Cd and Cu (Table 1). However considering Zn concentrations, the 
ecological quality classifications varied during the four seasons of 2011 from: 
(i)   “Class I – Unpolluted”: winter: locations 2, 7 and 10; spring: location 10 
and summer: locations 6 and 7; 
(ii)  “Class II – Moderately Polluted”: winter: locations 1, 4-6 and 9; spring: 
locations 1-4 and 6-9; summer: locations 2 and 8-10; autumn: locations 3 
and 7-10; 
(iii) “Class III – Remarkably Polluted”: winter: locations 3 and 8; spring: 
location 5; summer: locations 1 and 3-5; autumn: locations 1, 2 and 4-6. 
 
Comparisons of temporal variations with the summers of 2009 and 2010 
showed that summer of 2011 had better or similar ecological quality 
classifications in all locations, confirming the previous positive indications 
obtained with seawaters of decreasing of metal contamination (Table 1).  
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It should be stated that the Norwegian Pollution Control Authority guidelines 
can be used to classify the ecological quality of Portuguese Coastal Waters 
(Region IV). However, the significant differences of Portuguese abiotic 
characteristics of seawaters, such as local estuarine freshwater inputs, regional 
seawater circulation and Portuguese bathymetry (lower seawater depths than 
Norwegian), should imply future adaptations to these guidelines.  
 
5.4 Conclusions 
 
This study showed that barnacle C. montagui proved to be an adequate 
species to assess spatial and seasonal variations of metal bioavailabilities in the 
NW coast of Portugal. Thus, C. montagui can be used for monitoring metal 
contamination in seawaters during all year, since there were always significant 
positive correlations (p<0.05) between all metal concentrations in seawaters and 
in C. montagui soft tissues. The metal concentrations in seawaters and soft 
tissues of C. montagui varied significantly (p<0.05) along the NW coast of 
Portugal (significant spatial and seasonal variations). The mean log BAF values of 
each metal varied significantly (p<0.05) during the four seasons and the most 
bioaccumulated metals by C. montagui were Fe and Cd, reflecting barnacles high 
sensitivity to these metals. Whereas Cu and Mn were the least bioaccumulated 
may be due their low bioavailabilities in seawaters and/or C. montagui 
physiological ability to regulate/eliminate them. It seems that there are 
discriminating bioaccumulation processes which will require further investigation. 
In terms of ecological quality classification based on the metal concentrations in 
seawaters, the NW coast of Portugal should be classified as “Class IV – Bad”, 
except location 7 in summer and location 10 in winter, where classification 
improved to “Class III – Moderate”. However, regarding metal concentrations 
bioaccumulated by C. montagui, the ecological quality classifications varied from 
“Class I – Unpolluted” to “Class III – Remarkably Polluted”. Indeed, compared with 
the summers of 2009 and 2010, the summer of 2011 had better or similar 
ecological quality classification in all locations.  
 
This study intends to increase data on metal concentrations in seawaters and 
barnacles C. montagui from NW coast of Portugal, which will allow to set an 
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useful reference database for comparison purposes in future similar works. 
However, those bad ecological quality classifications reinforced the need for 
further investigations with more complete metal monitoring programs, including 
other marine species and extended to the whole Portuguese coast. 
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Seasonal variation of metal contamination in the barnacles Pollicipes 
pollicipes in northwest coast of Portugal show clear correlation with levels in 
the surrounding water 
 
Abstract 
 
This work reports the metal (Cd, Cr, Cu, Fe, Mn and Zn) contamination in the 
northwest (NW) coast of Portugal using goose barnacles Pollicipes pollicipes 
during the four seasons of 2011. The concentrations of metals were determined 
in seawater and soft tissues of P. pollicipes, which allowed establishing 
correlations and calculating metal bioaccumulation factors (BAFs). This work 
showed that P. pollicipes can be used for monitoring metal contamination in these 
coastal seawaters, because there were significant correlations (p<0.05) between 
metals in soft tissues and seawater for all metals, during the four seasons. Metal 
concentrations in seawater and P. pollicipes had significant (p<0.05) spatial and 
seasonal variations and mean log BAFs for Fe and Cd were higher than for Cr, Cu, 
Mn and Zn. Regarding the metal concentrations obtained in the coastal seawater, 
the NW coast of Portugal can be classified as “Class IV – Bad”, except in two 
locations (location 7 in summer and location 10 in winter), that were classified as 
“Class III – Moderate”. However, considering the metal concentrations 
bioaccumulated in P. pollicipes, all locations were classified as “Class III – 
Remarkably Polluted” during all seasons of 2011. 
 
Keywords: Pollicipes pollicipes; Biomonitor; Metals; Coastal Waters; Portugal 
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6.1 Introduction 
 
The European Water Directive is a Framework for the Community Action in the 
Field of Water Policy. It requires the establishment of biomonitoring programs of 
aquatic ecosystems to assess their ecological quality and settles ecological goals, 
specific for each type of surface water (Cortes and Oliveira 2000). Moreover, this 
Directive assumes a holistic approach, since the traditional methods to assess the 
ecological quality of coastal waters are based only on biometric indices (i.e., 
community variations in terms of relative proportion between intolerant species 
and tolerant species and number of taxa) (Cortes and Oliveira 2000). 
 
Several species are being used worldwide in Biomonitoring Watch 
Programmes such as in the United States of America, IndoPacific or Europe, using 
mussels - Mytilus and barnacles - Amphibalanus or Balanus (Lauenstein et al. 
1990; Beliaeff et al. 1998; Cantillo 1998; Rainbow and Blackmore 2001; Rainbow 
et al. 2000, 2002, 2004; Reis et al. 2011). Philips (1977) suggested that 
biomonitor species should show significant correlations between the 
bioaccumulated and environmental concentrations in all locations, to avoid 
spurious ecological interpretations. In the particular case of Portugal, the actual 
Water Directive and European policies applied to assess the ecological quality of 
waters involve several parameters, which make difficult their correct classification 
(Bordalo e Sá 2001). The use of biotic indices and contaminants reference 
guidelines, such as Norwegian Pollution Control Authority SFT TA-2229/2007 
(coastal seawaters) and SFT TA-1467/1997 (blue mussel Mytilus edulis) for 
metals, can be a useful solution, which allows an uniform ecological quality 
classification of coastal waters (Molvaer et al. 1997; SFT 2007, Reis et al. 
2012a,b). 
 
Goose barnacles Pollicipes pollicipes were previously used by Reis et al 
(2012b) to study metal contamination of these NW coastal waters during one 
season (summer 2010). Thus, in this work, P. pollicipes was used again as 
biomonitor of metal contamination during one-year period (four sampling 
seasons).  
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The main objectives were: (i) to assess the potential use of P. pollicipes as 
biomonitor of metal contamination in each season; (ii) to increase the information 
on metal concentrations in Portuguese seawaters and tissues of P. pollicipes; (iii) 
to assess spatial and seasonal variations of metal bioavailabilities; (iv) to establish 
relationships between metals in seawaters and P. pollicipes and (v) to calculate 
bioaccumulation factors (BAFs) of metals in P. pollicipes. 
 
6.2. Materials and Methods 
6.2.1 Study Area 
 
During the four seasons of 2011 (winter; spring; summer and autumn), ten 
locations were selected and monitored along the NW coast of Portugal (Fig. 1). 
These locations showed consistent mega-populations of P. pollicipes during all 
year and are under different levels of metal contamination (Reis et al. 2012a,b).  
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Fig. 1 Geographical distribution of the 10 sampling locations along the northwest coast of Portugal. 
 
6.2.2 Reagents and material 
 
1 –  Paramos 
2 –  Foz 
3-   Castelo do Queijo 
4-    Leça da Palmeira 
5 –  Cabo do Mundo 
6 –  Vila do Conde 
7 –   Fão-Ofir 
8 –   Viana do Castelo 
9 –   Forte do Paçô 
10 – Moledo 
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The reagents were at least of pro analysis (p.a.) grade: HNO
3
 (Fluka, 35% 
(w/w), Suprapure); resin Chelex-100 (Fluka, Na
+
 form, 100-200 mesh, p.a.); NH
3
 
(Panreac, 25% (w/w), p.a.) and NH
4
CH
3
COO (Panreac, p.a.). The metal standard 
solutions were daily prepared by weight from stock solutions of 1000 mg.L
-1
 
(Fluka, p.a.) with ultra-pure water from Milli-Q system (conductivity: 0.054 µS.cm
-1
 
at 25 ºC). Materials were pre-decontaminated in nitric acid solution (20%, v/v) and 
washed with deionised water (conductivity: <0.066 µS.cm
-1
 at 25 ºC; Elix-3 
system), according to APHA recommendations (APHA 1998a). 
 
6.2.3 Sampling strategy and analytical methods 
6.2.3.1 Coastal seawaters 
 
In each sampling location and during all seasons, three independent 
replicates (n=3) were collected with polyethylene bottles. In the laboratory, 
samples were filtered (Whatman, cellulose nitrate membrane filter, 0.45µm), 
acidified (pH<2) and frozen (-8 ºC) until analyses (Reis et al. 2012a,b). The 
dissolved metal concentrations (Cd, Cr, Cu, Fe, Mn and Zn) were analysed by 
Atomic Absorption Spectrometry (SpectrAA 220 FS, Varian) with flame 
atomization (Marck 7, Varian) or electrothermal atomization (Autosampler GTA 
110, Varian) and with deuterium background correction system, according to 
APHA recommendations (APHA 1998b,c). A solid phase extraction (SPE) method 
was applied to concentrate metals (concentration factor: 50) and remove 
interfering ions (Reis et al. 2012a,b). This SPE method was tested with seawater 
samples spiked with known amounts of each metal, and showed mean 
percentages of recovery higher than 93% for all elements (Cd: 105 ± 18%; Cr: 102 
± 17%; Cu: 111 ± 12%; Fe: 102 ± 22%; Mn: 93 ± 17% and Zn: 98 ± 18%). 
 
6.2.3.2 Pollicipes pollicipes 
 
Simultaneously with seawater, three independent replicates of at least 25 
individuals (adult commercial-size: >2 cm, total length) were collected in each 
sampling location and season and transported in refrigerated plastic bags to the 
laboratory within 8 hours (Reis et al, 2012b). The peduncle muscle and entire 
body (soft tissues) of P. pollicipes were lyophilized, and homogenised (Rainbow et 
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al. 2000; Rainbow and Blackmore 2001; Morillo et al. 2005; Morillo and Usero 
2008; Reis et al. 2012a,b). Significant differences among replicates (p<0.05) of 
the mean dry weights of 25 pooled adult individuals were not observed, thus no 
significant effects of body size on accumulated metals are expected (Morillo et al. 
2005; Morillo and Usero 2008; Reis et al. 2012b). 
 
For metal analyses (Cd, Cr, Cu, Fe, Mn and Zn), soft tissues samples were 
digested following the method described by Reis and Almeida (2008). Total metal 
concentrations were determined by Atomic Absorption Spectrometry with flame 
atomization and electrothermal atomization, using the APHA recommendations 
(APHA 1998b,c). The working parameters of the equipment and the matrix 
modifiers were those recommended by Varian Methods (Varian, 1988 and 1989). 
 
Some samples were spiked with known amounts of metals, which allowed 
studying potential matrix effects on the determination of metals in soft tissues of 
P. pollicipes. These analyses showed mean recoveries above 95% for all elements 
(Cd: 98 ± 10%; Cr: 108 ± 18%; Cu: 102 ± 14%; Fe: 95 ± 13%; Mn: 106 ± 13% and 
Zn: 106 ± 7%). 
 
Finally, standard reference material certified for trace metals in mussel 
tissues (NIST SRM 2976) was used to study the suitability of the entire analytical 
procedure. These analyses showed mean recoveries above 90% for all elements 
(Cd: 90 ± 16%; Cr: 113 ± 23%; Cu: 97 ± 10%; Fe: 94 ± 14%; Mn: 102 ± 8% and Zn: 
106 ± 3%). 
  
6.2.4 Data analysis 
 
Varian software was programmed to work with precisions below 10% between 
readings, in a maximum of four readings per replicate, to assure reproducibility 
of measurements. For each metal, external calibrations were carried out with 
aqueous standards solutions and blank solutions were prepared following the 
same treatment of samples. Metal concentrations in blanks were below the limit 
of detection of the analytical procedure for all elements in seawaters (Cd: 0.30 
ng.L
-1
; Cr: 1.35 ng.L
-1
; Cu: 18 ng.L
-1
; Fe: 25 ng.L
-1
; Mn: 36 ng.L
-1
; and Zn: 446 ng.L
-1
) 
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and in soft tissues (Cd: 0.076 mg.kg
-1
; Cr: 0.035 mg.kg
-1
; Cu: 0.304 mg.kg
-1
; Fe: 
7.99 mg.kg
-1
; Mn: 1.996 mg.kg
-1
; and Zn: 26.6 mg.kg
-1
). The limits of detection 
were calculated using APHA recommendations (APHA 1998d). 
 
The statistical analyses of metal concentrations in seawaters and soft tissues 
of P. pollicipes consisted on a sequence of tests (Underwood 1997; Rainbow et al. 
2004; Silva et al. 2006): (i) normality of all data was checked with Shapiro-Wilk 
test, considering one level of significance (p<0.05), using SPSS software; (ii) as 
some data failed the normality test, all metal concentrations were logarithmically 
(base 10) transformed to create additive data sets with reduced deviations from 
normal distribution; (iii) homogeneity of variances was checked with Cochran test 
using WinGMAv 5 software (EICC, University of Sydney), considering one level of 
significance (p<0.05); (iv) one-way analyses of variance (ANOVA) were used to 
identify significant differences (p<0.05)  in metal concentrations among locations 
(spatial variations) and seasons (seasonal variations), using WinGMAv 5 software 
(EICC, University of Sydney); (v) finally, unplanned comparisons (post hoc tests) 
were performed to establish groups of locations/seasons which did not differ 
significantly (p<0.05), using Student-Newman-Keuls (SNK) test for ANOVAs, from 
WinGMAv 5 software (EICC, University of Sydney). 
 
6.3 Results and discussion 
6.3.1 Coastal seawater - dissolved metal concentrations 
6.3.1.1 Spatial and seasonal metal variations   
 
Dissolved metal concentrations (Cd, Cr, Cu, Fe, Mn and Zn) obtained in 
coastal seawaters along the NW coast of Portugal in each season are shown in 
Figure 2. 
 
Significant spatial variations (p<0.05) of metal concentrations were obtained 
along the NW coast of Portugal during the four seasons. Coastal seawaters 
showed the highest concentrations of: (i) Cd: in location 2 in winter, in location 6 
in spring, in location 5 in summer and in location 7 in autumn; (ii) Cr: in location 
4 in winter, in location 3 in spring, in location 7 in summer and in location 1 in 
autumn; (iii) Cu: in location 1 in winter, in location 5 in spring, in location 4 in 
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summer and in location 10 in autumn; (iv) Fe: in location 8 in winter and autumn, 
in location 3 in spring and in location 7 in summer; (v) Mn: in location 1 in winter 
and autumn, in location 5 in spring and in location 3 in summer; (vi) Zn: in 
location 8 in winter, in location 5 in spring, in location 3 in summer and in 
location 7 in autumn. Independent of season, the highest concentrations of: (i) Cd 
were obtained in location 7; (ii) Cr and Mn in location 3; (iii) Cu in location 1; (iv) 
Fe in location 8 and (v) Zn in location 5. 
 
Significant seasonal variations (p<0.05) of metal concentrations were also 
obtained along the NW coast of Portugal during the four seasons. Seawaters 
showed the highest concentrations in: (i) winter: for Cu and Mn in location 1, for 
Fe and Zn in location 8 and for Cd and Cr, respectively, in locations 2 and 4; (ii) 
spring: for Cr and Fe in location 3, for Cu, Mn and Zn in location 5 and for Cd in 
location 6; (iii) summer: for Mn and Zn in location 3, for Cr and Fe in location 7 
and for Cu and Cd, respectively, in locations 4 and 5; (iv) autumn: for Cr and Mn 
in location 1, for Cd and Zn in location 7, for Fe and Cu, respectively, in locations 
8 and 10. The order of metal concentrations in each sampling season, was in: (i) 
winter: Cd < Cr < Mn < Cu ~ Fe < Zn; (ii) spring: Cd < Cr < Cu ~ Mn < Fe < Zn; (iii) 
summer: Cd < Cr < Cu < Fe < Mn < Zn and (iv) autumn: Cd < Cr < Cu < Mn < Fe < 
Zn. Along the NW coast of Portugal, winter-spring seasons showed the lowest 
concentrations of Cd, Fe, Mn and Zn (except locations 3 and 10 for Cd; locations 
2, 3 and 10 for Fe and locations 3, 5 and 8 for Zn) and highest concentrations for 
Cr and Cu (except locations 1 and 10, respectively, for Cr and Cu). The summer-
autumn seasons showed the lowest concentrations for Cr (location 6) and Cu 
(locations 1 and 4) and highest concentrations for Cd, Fe, Mn and Zn in all 
locations (except location 1 for Fe, location 2 for Cd and locations 5 and 8 for 
Zn). 
 
Independent of season or location, the concentrations of each metal in 
seawaters ranged: (i) Cd: 1.2-35 ng.L
-1
; (ii) Cr: 15-87 ng.L
-1
; (iii) Mn: 77-1763 ng.L
-1 
ng.L
-1
; (iv) Cu: 126-1819; (v) Fe: 430-4048 ng.L
-1 
and (vi) Zn: 2889-16867 ng.L
-1
. 
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Fig. 2 Metal concentrations (ng.L
-1
) in seawater of the 10 locations in each sampling season of 2011. In each 
season, different letters shows significant spatial differences (p<0.05): increasing order of concentrations is 
A<B<C, etc. In each location, different numbers shows significant temporal differences (p<0.05): increasing 
order of concentrations is 1<2<3, etc. 
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6.3.1.2 Ecological quality of the coastal seawaters based on metal   
concentrations in seawaters 
 
Following the Norwegian Pollution Control Authority guidelines (SFT TA-
2229/2007) for metals in coastal seawaters, the ecological quality of seawaters of 
the NW coast of Portugal were “Class I/II - Background Level or Good” during the 
four sampling seasons of 2011, except for Cu and Zn (SFT, 2007). Regarding Cu 
(Class III: 640 – 800 ng.L-1 and Class IV: 800 – 7,700 ng.L-1) and Zn (Class III: 
2,900 – 6,000 ng.L-1 and Class IV: 6,000 – 60,000 ng.L-1), their concentrations fall 
within “Class IV – Bad”, except location 7 in summer and location 10 in winter, 
that were classified as “Class III – Moderate” (SFT, 2007).  
 
Comparisons with data from Reis et al. (2012a,b) showed that the ecological 
quality of seawater in 2011 remained similar to that of 2009 and 2010. However, 
some positive indications of a decrease of metal contamination in Portuguese 
coastal seawaters are evident, mainly for Zn: summer 2009 (51,374 ng.L
-1
) > 
summer 2010 (24,874 ng.L
-1
) > summer 2011 (8,230 ng.L
-1
) (Reis et al., 2012a,b).
 
 
6.3.2 Goose barnacle soft tissues – Total metal concentrations 
6.3.2.1 Spatial and temporal metal variations   
 
Total metal concentrations (Cd, Cr, Cu, Fe, Mn and Zn) obtained in P. 
pollicipes soft tissues from the NW coast of Portugal during the four sampling 
seasons of 2011 are shown in Figure 3. 
 
Significant spatial variations (p<0.05) of metal concentrations were obtained 
along the NW coast of Portugal during the four seasons. Goose barnacles P. 
pollicipes bioaccumulated the highest concentrations of: (i) Cd: in location 2 in 
winter, location 6 in spring and summer and location 7 in autumn; (ii) Cr: in 
location 9 in winter, location 6 in spring and summer and location 8 in autumn; 
(iii) Cu: in location 1 in winter; location 6 in spring, location 8 in summer and 
location 7 in autumn; (iv) Fe: in location 9 in winter and spring and in location 7 
in summer and autumn; (v) Mn: in location 9 in winter, location 4 in spring, 
location 8 in summer and location 1 in autumn; Zn: in location 3 in winter and 
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summer, location 6 in spring and location 7 in autumn. Globally, independent of 
season, the highest concentrations of: (i) Cd were obtained in location 2; (ii) Cr 
and Cu in location 6; (iii) Fe in location 9; (iv) Mn in location 4 and (v) Zn in 
location 3. 
 
Significant seasonal variations (p<0.05) of metal concentrations were also 
obtained along the NW coast of Portugal during the four seasons. Goose 
barnacles P. pollicipes showed the highest concentrations in: (i) winter: for Cu in 
location 1, for Cd in location 2, for Zn in location 3 and for Cr, Fe and Mn in 
location 9; (ii) spring: for Mn and Fe, respectively, in locations 4 and 6 and for Cd, 
Cr, Cu and Zn in location 6; (iii) summer: for Zn and Fe, respectively, in locations 
3 and 7, for Cd and Cr in location 6 and for Cu and Mn in location 8 and (iv) 
autumn: for Mn and Cr, respectively, in locations 1 and 8 and for Cd, Cu, Fe and 
Zn in location 7. The metal concentrations in soft tissues of P. pollicipes followed 
similar orders during the four seasons: (i) winter: Cr < Cd ~ Cu < Mn < Fe < Zn; (ii) 
spring: Cr ~ Cd < Cu < Mn < Fe < Zn and (iii) summer and autumn: Cr ~ Cd ~ Cu < 
Mn < Fe < Zn. 
 
Comparisons with the metal concentrations bioaccumulated by P. pollicipes in 
the summer 2010 showed that a significant decrease occurred during 2011, 
particularly for Zn (Reis et al. 2012b). 
 
For all locations, the winter-spring period showed the lowest concentrations 
of Cd, Cr, Mn and Zn (except location 6 for Cd and Mn; location 9 for Mn and Zn 
and locations 10 for Cd) and the highest concentrations of Cu and Fe (except 
location 7 for Fe; location 8 for Cu and Fe and location 10 for Fe). The summer-
autumn period showed the lowest concentrations of Cu and Fe (except locations 
5 and 10 for Cu and location 7 for Fe) and the highest concentrations of Cd, Cr 
and Zn (except location 2 for Cd and Cr; location 3 for Cr; locations 6 and 10 for 
Cd). 
 
Independent of season or location, the metal concentrations obtained in P. 
pollicipes soft tissues (mg.kg
-1
, dry wt.) ranged: (i) Cd: 0.35-3.75; (ii) Cr: 0.25-
1.79; (iii) Cu: 0.76-6.09; (iv) Fe: 55-614; (v) Mn: 2.89-48.33 and (vi) Zn: 413-976. 
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Figure 3. Metal concentrations (mg.kg
-1
, dry wt.) in soft tissues of Pollicipes pollicipes of the 10 locations in each 
season of 2011. In each season, different letters show significant spatial differences (p<0.05): increasing order 
of concentrations is A<B<C, etc. In each location, different numbers show significant temporal differences 
(p<0.05): increasing order of concentrations is 1<2<3, etc.   
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6.3.2.2 Correlations between metal concentrations in seawater and P. 
pollicipes 
 
The correlations between metal concentrations in coastal seawaters and P. 
pollicipes soft tissues were performed for each season by linear regression 
models shown in Table 1.  
 
They were significantly positive (p<0.05, R
2
>0.6191) for all metals during the 
four seasons of 2011. These results suggested that dissolved metal 
concentrations in seawater describe well the processes of metal accumulation by 
P. pollicipes, which will give representative information about the bioavailable 
metal fractions of each location. However, using SPSS software, the metal values 
that changed linear correlation coefficients (R) more than 0.1 were not used in the 
linear regression models and the respective locations were considered outliers 
(Reis et al. 2009, 2012a,b). Therefore, this work showed that P. pollicipes soft 
tissues can be used for monitoring metal bioavailability in seawater along the NW 
coast of Portugal during the four seasons. 
 
The regression line slopes reflect the bioaccumulation of metals in P. 
pollicipes: for one particular metal with higher slope than another, the same 
variation in seawater concentration will provoke a greater increase in 
bioaccumulated concentration in tissues, and vice-versa (Morillo et al. 2005; Reis 
et al., 2012a,b). These regression line slopes (L of coastal seawater.kg
-1
 of soft 
tissue) of each metal were significantly different (p<0.05) during the four seasons 
and followed the orders: 
(i)  winter: Cd (281,407) > Fe (176,715) > [Zn (23,898) ~ Cr (14,250)] > [Mn 
(3,465) ~ Cu (1,785)]; 
(ii) spring: Fe (263,011) > Mn (122,918) > Cd (100,388) > Zn (40,209) > [Cr 
(12,360)] > Cu (3,774)]; 
(iii) summer: Fe (231,623) > Cd (196,608) > Zn (71,465) > [Cr (22,692) ~ Mn    
(20,310) ~ Cu (11,361)]; 
(iv) autumn: [Cd (43,808) ~ Zn (43,527) ~ Fe (33,746)] > Mn (16,625) > [Cr 
(4,215) ~ Cu (2,939)]. 
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Table 1. Correlations between metal concentrations in coastal seawaters (ng.L
-1
) and Pollicipes pollicipes soft tissues (mg.kg
-1
, dry wt.) performed by linear regression models: Y 
[metal in Pollicipes pollicipes tissue] = a.X [metal in coastal seawater] + b. 
 
Correlations between metal concentrations in coastal seawaters and  P. pollicipes soft tissues  
Linear regression model: Y=a.X+b 
Winter Spring Summer Autumn 
Element a b R
2 
a b R
2 
a b R
2 
a b R
2 
Cd 0.2814 -1.1535 0.8718** 0.1004 0.2104 0.8335** 0.1966 -1.2070 0.7582* 0.0438 0.8833 0.8891** 
Cr 0.0143 0.0669 0.6191* 0.0124 0.2124 0.7275* 0.0227 0.6504 0.7233* 0.0042 0.9900 0.7470* 
Cu 0.0018 0.3967 0.7012* 0.0038 3.4751 0.6240* 0.0114 -0.4362 0.8158* 0.0029 0.7905 0.8000* 
Fe 0.1767 63.94 0.9204** 0.2630 -121.5 0.9637** 0.2316 -100.1 0.8114* 0.0337 89.41 0.7293* 
Mn 0.0035 1.212 0.8619* 0.1229 -4.878 0.8859** 0.0203 -16.54 0.7798* 0.0166 -2.320 0.7970* 
Zn 0.0239 398.8 0.8254* 0.0402 231.5 0.6667* 0.0715 104.7 0.7181* 0.0435 27.90 0.7466* 
*P<0.05, the linear coefficient correlations (R
2
) are statistically significant 
**P<0.001, the linear coefficient correlations (R
2
) are statistically very significant 
 
Table 2 - Metal Bioaccumulation Factor (log BAF) in the soft tissues of Pollicipes pollicipes of the 10 locations in each season of 2011. Mean log BAF values obtained by Reis et al. 
(2012b) in 2010 are also included. 
Season 2011 
Mean log BAF values in soft tissues of P. pollicipes of NW coast of Portugal 
a) 
Cd Cr Cu Fe Mn Zn 
Winter 5.13 ± 0.18 4.21 ± 0.10 3.35 ± 0.15 5.39 ± 0.07 3.69 ± 0.08 4.99 ± 0.17 
Spring 5.12 ± 0.19 4.20 ± 0.08 4.30 ± 0.13 5.21 ± 0.07 4.92 ± 0.20 4.81 ± 0.06 
Summer 5.03 ± 0.13 4.67 ± 0.09 3.94 ± 0.10 5.13 ± 0.16 3.94 ± 0.17 4.92 ± 0.05 
Autumn 5.06 ± 0.25 4.47 ± 0.15 3.81 ± 0.13 4.88 ± 0.17 4.11 ± 0.13 4.66 ± 0.04 
 
2010 
(Reis et al., 2012b) 
5.47 ± 0.50 4.18 ± 0.33 3.98 ± 0.42 5.57 ± 0.38 4.14 ± 0.24 4.41 ± 0.34 
2011 
(Annual) 
5.09 ± 0.19 4.37 ± 0.23 3.85 ± 0.37 5.16 ± 0.22 4.18 ± 0.49 4.86 ± 0.16 
a) Mean ± standard deviation (n=10) 
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The metals with the highest regression line slopes during the four seasons 
were Cd and Fe and the one with the lowest was Cu. Thus, an increase of Fe or Cd 
concentrations in seawaters will provoke a much higher bioaccumulation in P. 
pollicipes than the same increase of Cu. The regressions line slopes of the metals 
varied during the four seasons, which suggests that complex processes are 
involved in their bioaccumulation by goose barnacles, such as different metal 
assimilation efficiencies and efflux rates along the year. This is in accordance 
with the results obtained in 2010 by Reis et al (2012b). However, these seasonal 
variations should be investigated in future studies with metals in goose barnacles 
P. pollicipes. 
 
Metal Bioaccumulation Factors (BAFs) are an adequate approach to assess the 
efficiency of metal accumulation in goose barnacles soft tissues (Morillo et al. 
2005; Reis et al. 2012a,b). The log BAF values (basis 10) shown in Table 2 were 
calculated as log transformed ratio between metal concentrations in P. pollicipes 
soft tissues (mg.kg
-1
, dry mass) and in coastal seawaters (ng.L
-1
). The mean log 
BAF values of each metal showed significant seasonal differences (p<0.05) and 
followed the orders: 
(i)  winter: Fe (5.39) > Cd (5.13) > Zn (4.99) > Cr (4.21) > Mn (3.69) > Cu (3.35); 
(ii) spring: Fe (5.21) > Cd (5.12) > Mn (4.92) > Zn (4.81) > Cu (4.30) > Cr (4.20); 
(iii) summer: Fe (5.13) > Cd (5.03) > Zn (4.92) > Cr (4.67) > Mn (3.94) ~ Cu (3.94); 
(iv) autumn: Cd (5.06) > Fe (4.88) > Zn (4.66) > Cr (4.47) > Mn (4.11) > Cu (3.81). 
 
The metals that P. pollicipes bioaccumulated more efficiently during the four 
seasons were Fe and Cd, reflecting their high sensitivity to these metals, which 
means that Fe and Cd should be continuously monitored in future works. The 
lowest mean log BAF values were obtained for Cu and Mn during all year, except 
in spring when the BAFs for both metals increased slightly. This may be due to an 
increase of bioavailability in coastal seawater followed by a higher accumulation 
in the tissues of goose barnacles. Comparing with the BAFs values obtained by 
Reis et al. (2012b) in summer 2010 (Table 2), P. pollicipes in summer 2011 
followed the same order: Fe (5.57) > Cd (5.47) > Zn (4.41) > Cr (4.18) > Mn (4.14) 
> Cu (3.98). Comparing annual results, goose barnacle P. pollicipes have been 
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showing much higher sensitivity and efficiency to bioaccumulate Cd and Fe from 
seawater than Cu, Cr, Mn and Zn (Table 2). 
 
6.3.3 Ecological quality of the coastal seawaters  
 
Comparisons with other goose barnacle species (Capitulum mitella, Lepas 
anatifera and Pollicipes polymerus) from different locations around the world, 
resumed by Reis et al. (2011), showed that Portuguese P. pollicipes have much 
lower metal accumulation, suggesting much lower metal bioavailabilities in 
Portuguese seawater. 
 
The European Community Commission Regulation No 629/2008 established 
rules for food consumption safety and the maximum allowed concentration of Cd 
in soft tissues of crustacean species is 0.50 mg Cd.kg
-1
 (wet wt.) or 2.50 mg.kg
-1
 
(dry wt., assuming 80% of water) (EU 2008). Goose barnacle P. pollicipes is an 
important economic commercial resource in Portugal and Spain, thus Cd 
concentrations should be controlled during all year. In almost all locations, P. 
pollicipes showed Cd concentrations lower than this reference value, which 
confirmed that NW coast of Portugal have low Cd contamination, except in 
locations 2 (in winter), 4 (in summer) and 6 (in winter and summer). The capture 
of P. pollicipes in these locations 2 (“Foz”), 4 (“Leça”) and 6 (“Vila do Conde”) 
should be interdicted until these high Cd concentrations decrease to acceptable 
values or P. pollicipes are depurated before human consumption. 
 
Norwegian Pollution Control Authority (SFT TA-1467/1997) established metal 
concentrations guidelines for blue mussel Mytilus edulis, as a mean to classify the 
ecological quality of seawaters (Molvaer et al. 1997). Comparisons with these 
guideline values showed that the NW coast of Portugal can be classified as “Class 
I – Unpolluted” during the four seasons of 2011, as far as Cu concentrations are 
concerned (<10 mg Cu.kg
-1
, dry wt.). However, concerning Cd (“Class I – 
Unpolluted”: < 2 mg Cd.kg-1 and “Class II – Moderately Polluted”: 2 - 5 mg Cd.kg-1) 
and Zn (“Class III – Remarkably Polluted”: 400 - 1000 mg Zn.kg-1), all locations 
were classified as “Class III – Remarkably Polluted” during all seasons of 2011 
(Molvaer et al. 1997).  
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Comparing this classification with the ecological quality classifications 
obtained by P. pollicipes in summer 2010, all locations showed similar or better 
classifications in 2011, confirming the previous positive indications of seawater 
contamination improvement (Reis et al. 2011c).  
 
It should be stated that although Norwegian Pollution Control Authority 
guidelines were used to classify the ecological quality of Portuguese Coastal 
Waters (Region IV), the differences of Portuguese abiotic characteristics of 
seawater (such as local estuarine freshwater inputs, regional seawater circulation 
and lower seawater depths than the Norwegian) and the differences of biomonitor 
species (such as Mytilus galloprovincialis, Chthamalus montagui, Pollicipes 
pollicipes, etc), improvements and adaptations of these guidelines to the 
Portuguese conditions should be implemented in the future. 
 
6.4 Conclusions 
 
This work showed that the goose barnacle P. pollicipes can be used as 
biomonitor of metal contamination along the NW coast of Portugal during all 
seasons of the year, since there were significant positive correlations (p<0.05) 
between all metal concentrations in seawaters and P. pollicipes. Metal 
concentrations in coastal seawaters and soft tissues of P. pollicipes showed 
significant (p<0.05) spatial and seasonal variations. The mean log BAF values of 
each metal were also significantly (p<0.05) different during the four seasons and 
the metals that P. pollicipes bioaccumulated more efficiently were Fe and Cd, 
reflecting their high sensitivity to these metals. The lowest mean log BAF values 
were obtained for Cu and Mn during all year, except in spring, due to the higher 
bioavailability in coastal seawater. These discriminating bioaccumulation 
processes will require further investigation in future works. In terms of ecological 
quality classification based on metal concentrations in seawater, most of the NW 
coast of Portugal should be classified as “Class IV – Bad”, except location 7 in 
summer and location 10 in winter, that were classified as “Class III – Moderate”. 
Considering the metal concentrations bioaccumulated in soft tissues of P. 
pollicipes, all locations of NW coast of Portugal were classified as “Class III – 
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Remarkably Polluted” during all seasons of 2011. Indeed, due to the high Cd 
concentrations bioaccumulated in P. pollicipes in locations 2, 4 and 6, the capture 
of individuals for human consumption in these locations should be interdicted or 
individuals should be previously depurated. Nevertheless, all locations showed 
similar or better ecological quality classifications in 2011 than the classifications 
obtained in the summer of 2010. These results reinforced the need of further 
investigations with more complete metal monitoring programs, which should 
include other marine species and be extended to the entire coast of Portugal. 
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Chthamalus montagui as biomonitor of polycyclic aromatic hydrocarbons 
contamination in the northwest coast of Portugal 
 
Abstract 
 
Simple and fast SPME-GC-MS methods were developed and validated following the 
international validation guidelines for the determination of eight US EPA prioritary 
PAHs (N, Ace, AcP, F, P, A, Fluo and Py) in coastal seawaters and barnacles C. 
montagui soft tissues. A PAHs monitoring program was carried out along the NW 
coast of Portugal during the four seasons of 2011. This work showed that there 
were: (i) significant spatial and seasonal variations (p<0.05) of PAHs 
concentrations in seawaters and C. montagui tissues; (ii) very significant 
correlations (p<0.001) between PAHs concentrations in seawaters and C. 
montagui tissues during each season and (iii) mean log BAF values showed the 
constant pattern along the four seasons: N < [Ace ~ F] < [AcP ~ P ~ Fluo] < Py < A. 
Thus, C. montagui bioaccumulation rates were higher for A and Py, and lower for 
N, despite the low concentrations of A and high concentrations of N in the 
seawater. This was probably due to the physical-chemical properties of 
naphthalene and barnacle physiological ability to regulate/eliminate this 
compound. In terms of ecological quality classification based on dissolved PAHs 
concentrations in seawaters, the NW coast of Portugal should be classified as 
“Class II - Good” during the four seasons of 2011 and “Class I – Background Level” 
for P (on location 7 in autumn). Indeed, regarding PAHs concentrations 
accumulated by C. montagui, these ecological quality classifications varied from 
“Class II/III – Natural Background/Environmental Concentrations”. These results 
showed that the NW coast of Portugal was not suffering significant PAHs 
contamination during the four seasons of 2011. 
 
 
Keywords: Chthamalus montagui; Biomonitor; PAHs; Coastal Waters; Portugal 
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7.1 Introduction 
 
Polycyclic Aromatic Hydrocarbons (PAHs) have great potential to cause nefast 
effects in organisms mainly when their concentrations are highly available, due to 
their high lipophilicity, low biodegradation along food chains and high toxicity to 
aquatic organism and humans (Baek et al, 1991; Guinan et al, 2001; Rocha et al, 
2011). The main sources of PAHs in the environment are associated with 
anthropogenic activities involving incomplete combustion of fossil fuels (oil, 
wood, diesel and gasoline) (Baek et al, 1991; Guinan et al, 2001; Rocha et al, 
2011). Natural processes (emissions from forests fires and volcanoes) are other 
minor inputs into the environment. The United States Environmental Protection 
Agency (US EPA) included 16 parent PAHs in their prioritary list of pollutants that 
should be constantly monitored in waters, sediments and biota:  Naphthalene (N), 
Acenaphthylene (Ace), Acenaphthene (AcP), Fluorene (F), Phenanthrene (P), 
Anthracene (A), Fluoranthene (Fluo), Pyrene (Py), Benzo[a]anthracene (BaA), 
Chrysene (Ch), Benzo[b]fluoranthene (BbF), Benzo[k]fluoranthene (BkF), 
Benzo[a]pyrene (BaP), Indeno[1,2,3-cd]pyrene (IP), Dibenzo[a,h]anthracene (DBA) 
and Benzo[g,h,i]perylene (Bper) (Table 1; US EPA, 2010). 
 
The use of barnacle species as biomonitors of PAHs contamination in coastal 
waters is almost unknown in the literature. Ponat (1988) studied the effects of 
water accommodated crude oil fractions (WAF) on the cirral beat frequency of 
acorn barnacle Semibalanus balanoides from the North Sea Coast. This work 
concluded that cirral beat activity reflected the metabolic rate of the barnacles, 
which was directly affected by coastal water contamination. Thus, Ponat (1988) 
suggested that barnacles can be used as biomonitors of organic contamination in 
coastal waters. Later, Bokn et al. (1993) studied the long-term effects of 
continuous doses of WAF fractions of diesel oil on macrobenthic populations of 
Arctic rocky shores. The macrobenthic populations included ten species of 
seaweed (Phymatolithon lenormandii, Asconphyllum nodosum, Fucus evanescens, 
Fucus serratus, Fucus vesiculosus, Laminaria digitata, Chondrus crispus, 
Cladophora rupestris, Enteromorpha spp. and Ulva lactuta), mussels Mytillus 
edulis, starfish Asterias rubens, gastropods Littorina littorea, crabs Carcinus 
maenus and barnacles Semibalanus balanoides. This work showed that significant 
changes in species abundances related with WAF were obtained for two seaweeds 
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(Phymatolithon lenormandii and Fucus evanescens) and three invertebrates 
(Mytulus edulis, Asterias rubens and Semibalanus balanoides) (Bokn et al., 1993). 
The highest doses of WAF reduced completely the recruitment of the sensitive 
starfish and decreased significantly the recruitment of two seaweeds and 
barnacles (Bokn et al., 1993). The abundances of the other species apparently 
were not affected by oil exposures. Thus, these five macrobenthic species are 
sensitive to organic contamination in coastal waters (Bokn et al., 1993). 
 
Table 1 – Sixteen PAHs prioritary list of the United States Environmental Protection Agency (US EPA): 
nomenclature, molecular structure and human toxicity (adapted from Yan et al., 2004 and US EPA, 2010).    
Nomenclature 
Molecular  
Structure 
Human 
Toxicity 
 Nomenclature 
Molecular  
Structure 
Human 
Toxicity 
Naphthalene  
(N) 
 
- 
 
Benzo[a]anthracene  
(BaA) 
 
Probably 
Carcinogen 
Acenaphthylene  
(Ace) 
 
- 
 
Chrysene  
(Ch) 
 
Probably 
Carcinogen 
Acenaphthene  
(AcP) 
 
- 
 
Benzo[b]fluoranthene  
(BbF) 
 
Probably 
Carcinogen 
Fluorene  
(F) 
 
- 
 
Benzo[k]fluoranthene  
(BkF) 
 
Probably 
Carcinogen 
Phenanthrene  
(P) 
 
- 
 
Benzo[a]pyrene  
(BaP) 
 
Probably 
Carcinogen 
Anthracene  
(A) 
 
- 
 
Indeno[1,2,3-cd]pyrene  
(IP) 
 
Probably 
Carcinogen 
Fluoranthene  
(Fluo) 
 
- 
 
Dibenzo[a,h]anthracene  
(DBA) 
 
Probably 
Carcinogen 
Pyrene  
(Py) 
 
- 
 
Benzo[g,h,i]perylene  
(Bper) 
 
- 
 
 
McCoy and Brown (1998) studied the short-term effects of the water soluble 
fraction (WSF) of crude oil on the recruitment of the barnacle Amphibalanus 
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eburneus, from coastal waters and sheltered waters along Louisiana coast (USA). 
This work concluded that exposure to crude oil reduced significantly the 
recruitment after three weeks, which was more obvious in exposed coastal 
locations (McCoy and Brown, 1998). However, after hydrocarbons have been 
reduced by leaching or microbial degradation, barnacles from these exposed 
locations showed the fastest recruitment rates and larger sizes, as if some degree 
of adaptation and recovery had occurred after a short and acute episode of 
contamination (probably due to larger seawaters flows and available planktonic 
food) (McCoy and Brown, 1998). Niyogi et al. (2001) studied the seasonal 
variations of antioxidant, biotransformation enzymes and PAHs in barnacles S. 
balanoides from Hooghly estuary (India) exposed to organic contamination. This 
work showed that variations of PAHs concentrations bioaccumulated by barnacles 
were significantly positive correlated to antioxidant enzymes (catalase and 
superoxide dismutase (SOD)) (Niyogi et al., 2001). Comparisons between polluted 
and non-polluted locations also showed seasonal differences on enzymatic 
activity, particularly catalase, SOD and glutathione S-transferase (GST), suggesting 
that S. balanoides could adapt to chronic polluted environments, through the 
regulation of antioxidant enzymes (Niyogi et al., 2001). Thus, the two main 
conclusions of this work were that antioxidant defense components, especially 
catalase and SOD, are sensitive parameters that can be useful biomarkers for the 
assessment of aquatic contamination levels and that the barnacle S. balanoides 
can potentially be used as biomonitor of organic contamination (Niyogi et al., 
2001).  
 
In the present work, acorn barnacles Chthamalus montagui from the northwest 
(NW) coast of Portugal were collected during the four seasons of 2011 (winter, 
spring, summer and autumn). The main objectives were: 
(i) To assess the potential use of C. montagui as biomonitor of PAHs 
contamination during the four seasons; 
(ii) To compile data on PAHs concentrations in coastal seawaters and tissues of 
C. montagui of the NW coast of Portugal, in order to construct a PAHs 
database; 
(iii) To assess spatial and seasonal variations of PAHs availabilities in seawater 
and C. montagui; 
(iv) To establish relationships between PAHs availabilities in seawater and PAHs 
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accumulated in C. montagui tissues; 
(v) To calculate bioaccumulation factors of PAHs in C. montagui tissues; 
(vi) To assess the ecological quality of the NW coast of Portugal based on PAHs 
concentrations in seawater and C. montagui tissues. 
 
7.2. Materials and Methods 
7.2.1. Study Area 
 
The ten locations along the NW coast of Portugal monitored during the four 
seasons of 2011 (winter, spring, summer and autumn) are shown in Figure 1.  
  
These locations were selected because they showed large abundances of C. 
montagui during all year and are exposed to different levels of inorganic 
contamination (Reis et al., 2012a,b). 
 
7.2.2. Reagents and materials 
 
The reagents were at least of pro analysis (p.a.) grade: NaCl (Panreac, p.a); 
Stock PAHs Standards - EPA TCL Polynuclear Aromatic Hydrocarbons Mixture (16 
US EPA prioritary PAHs, each at 2000 µg/ml in dichloromethane-benzene (1:1, 
v/v); Supelco); PAHs Internal Standards (IS) – Surrogate Standards Mixture 
(Naphthalene-d
8
 (N-d
8
), Acenaphthene-d
10
 (Ace-d
10
), Phenanthrene-d
10
 (P-d
10
), 
Chrysene-d
12
 (Ch-d
12
) and Perylene-d
12 
(Per-d
12
), each at 2000 µg/ml in 
dichlorolethane, Supelco). Both Stock PAHs Standards, Quality Control (QC) 
standards and PAHs IS solutions were kept in the dark, at -20 ºC, and were stable 
at least for one year (Rocha et al, 2011).  
 
All working solutions were prepared with ultra-pure water from Milli-Q system 
(conductivity: 0.054 µS.cm
-1
 at 25 ºC). 
 
All glassware was previously decontaminated in detergent solution (Derquim 
LM 01, Panreac), at least for 24 h, and then submersed in nitric acid solution 
(20%, v/v), at least for another 24 h, and washed with deionised water 
(conductivity: <0.066 µS.cm
-1
 at 25 ºC; Elix-3 system). These procedures were 
according to IUPAC recommendations (Thomson et al, 2002). 
Chapter 7 - Chthamalus montagui as biomonitor of polycyclic aromatic 
hydrocarbons contamination in the northwest coast of Portugal 
 
174 
 
 
 
 
 
Portugal 
Map 
Norte 
Centro 
Alentejo 
Algarve 
Lisboa 
River 
Minho 
River 
Lima 
River 
Cávado 
River 
Ave 
River 
Douro 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
0         50     100km 
 
Fig. 1 Geographical distribution of the 10 sampling locations along the northwest coast of Portugal. 
 
7.2.3. Sampling strategy 
 
During the four sampling seasons, three replicates (n=3) of seawater samples 
were collected in each location with glass bottles. In the laboratory, seawater 
samples were immediately filtered (Whatman, cellulose nitrate membrane filter, 
0.45µm) and frozen (-8 ºC) until analyses.  
 
C. montagui individuals were collected at the same time and location as 
seawater samples. Following the sampling strategy of Reis et al. (2012a), at least 
three hundred individuals (size: 1–5 mm rostro-carinal axis) were collected from 
intertidal rocks and transported in refrigerated glass containers to the laboratory 
within 8 hours. C. montagui individuals were dissected and their soft tissues 
separated from shell plates. The soft tissues were divided into three replicates of 
100 non-depurated individuals, lyophilized and homogenized. Among replicate 
samples, 10 randomly pooled individuals were dried and the mean dry weights 
were not significantly different (p<0.05) (Reis et al, 2012a,b) meaning that body 
size can be considered constant and will not affect the accumulation of PAHs. 
Bioaccumulation factors (BAF) for each PAH were calculated as the concentration 
1 –  Paramos 
2 –  Foz 
3-   Castelo do Queijo 
4-    Leça da Palmeira 
5 –  Cabo do Mundo 
6 –  Vila do Conde 
7 –   Fão-Ofir 
8 –   Viana do Castelo 
9 –   Forte do Paçô 
10 – Moledo 
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of the PAH in the barnacle tissue divided by the concentration of the PAH in the 
seawater converted to equivalent units. 
 
7.2.4 Analytical Methods 
7.2.4.1 Solid Phase MicroExtraction (SPME) 
 
The SPME methods used in the analyses of PAHs in seawaters and barnacle 
tissues consisted on SPME devices and fibers coated with polydimethylsiloxane 
(PDMS, Supelco) with 100 µm film thickness. Following the manufacturer 
recommendations, fibers were pre-conditioned in the hot injection port of the GC-
MS equipment at 250 ºC during 60 min. To avoid contaminations, the fibers were 
daily cleaned in the hot injection port of the GC-MS at 270 ºC for 6 min. This 
method, however can only recover the first eight PAHs of the prioritary list with 
reliable recovery rates above 80%. Thus, the results presented will be restricted to 
eight PAHs. 
 
7.2.4.2 GC-MS Analysis 
 
The analyses of PAHs in seawater and C. montagui samples were performed in 
a Gas Chromatograph (Varian CP-3800) coupled to an Ion Trap Mass Spectrometer 
(Varian Saturn 2200). The operating conditions of the GC-MS equipment were 
based on Rocha et al (2011).  
 
The chromatographic column used to separate PAHs was the Varian FactorFour 
(VF-5ms) fused silica capillary column (30 m, 0.25 mm i.d., 0.25 µm film 
thickness). The column oven temperatures program was: (i) Step 1: 4 min at 40 
ºC; (ii) Step 2: from 40 ºC to 150 ºC at 40.0 ºC.min
-1
; (iii) Step 3: from 150 ºC to 
280 ºC at 2.9 ºC.min
-1
; (iv) Step 4: 4 min at 280 ºC and (v) Step 5: from 280 ºC to 
290 ºC at 4.0 ºC.min
-1
. These GC-MS analysis took 60.58 min per run. The carrier 
gas was Helium (99.99% purity) with a constant flow of 1.3 mL.min
-1
. 
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The temperatures of the injection port, transfer line and ion trap of the Mass 
Spectrometer (MS) were, respectively, 270 ºC, 250 ºC and 230 ºC. The SPME fiber 
was thermally desorpted in the hot GC-MS injection port. The identification of 
each target PAH was achieved by electron impact ionization on Selected Ion 
Storage (µSIS) mode (Figure 2) and the quantification was done by programming 
three acquisition groups (Table 2). 
 
7.2.4.3 Validation Studies 
 
The analytical methods used for PAHs analyses in seawaters and barnacles 
tissues were validated checking the validation parameters established by the 
International Conference of Harmonization (CPMP/ICH/281/96) and IUPAC 
recommendations (ICH, 1996; Thomson et al, 2002). These validation parameters 
included linearity, accuracy, precision, limits of detection (LD) and quantification 
(LQ) and selectivity (Table 3). The studies of matrix effects and methods 
suitabilities were also included (Table 3). 
 
Linearity 
 
Stock PAHs Standards were used to prepare six nominal calibration standards 
mixtures, by spiking blank seawater and tissue samples. These blank samples 
were free of all target PAHs: synthetic seawater (salinity: 3.5%) and blank barnacle 
tissues (from a non-contaminated location, dried for 1 week at temperature 
higher than 100ºC). The concentrations of working standards used in calibration 
curves ranged 20-100 ng.L
-1
 of seawater and 200-1000 ng.kg
-1
 of tissue. The PAHs 
IS solution was added to all calibration standards and samples for quantification 
(100 ng.L
-1
 of seawater and 600 ng.Kg
-1
 of tissue). The mean Response Factor (RF) 
of each PAH was calculated as the average of the responses of each nominal 
calibration standard mixture divided by the response of the IS surrogate PAH in 
the solution. The calibration curves and respective correlation coefficients (R
2
) for 
each target PAH are shown in Table 3. The R
2
 values ranged 0.9360-0.9981 for 
seawater and 0.8713-0.9215 for barnacle tissues, which were within the 
validation requirements of ICH (1996). 
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 Figure 2 – Chromatogram of a standard mixture of the eight target PAHs at 1000 ng.kg-1 and the three deuterated internal 
standards in Selected Ion Storage mode (µSIS). 
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Table 2 – GC-MS Analysis: Instrumental parameters used for the identification 
and quantification of each target PAH. 
Compound 
tR 
(min) 
Molecular ion 
mass 
Quantification ions  
(m/z) 
Quantification ions  
(m/z) 
Segment times  
(min) 
Naphthalene-d8 (N-d8) 7.629 136 136 - 7.20 – 9.50 
Naphthalene (N) 7.648 128 128 127 7.20 – 9.50 
Acenaphthylene (Ace) 10.126 152 152 151 9.50 – 14.00 
Acenaphthene-d10 (AcP-d10) 10.473 164 164 - 9.50 – 14.00 
Acenaphthene (AcP) 10.559 154 154 154 9.50 – 14.00 
Fluorene (F) 12.133 166 166 166 9.50 – 14.00 
Phenanthrene-d10 (P-d10) 16.164 188 188 - 14.00 – 18.50 
Phenanthrene (P) 16.289 178 178 176 14.00 – 18.50 
Anthracene (A) 16.549 178 178 176 14.00 – 18.50 
Fluoranthene (Fluo) 23.500 202 202 101 22.00 – 27.00 
Pyrene (Py) 24.951 202 202 101 22.00 – 27.00 
 
Accuracy and Precision 
 
The accuracy and precision of the analytical methods were calculated using 
three replicates of three Quality Control (QC) standards, containing each target 
PAH (Seawaters: 30 ng.L
-1
, 50 ng.L
-1
 and 70 ng.L
-1
; Barnacle tissues: 300 ng.Kg
-1
, 
500 ng.Kg
-1
 and 700 ng.Kg
-1
) and PAH IS
 
solution (Table 3). The accuracy was 
calculated as the percentage of the ratio between the nominal and real results of 
the added amounts. The precision was expressed in terms of the relative 
standard deviation (RSD) between the three replicates measurements of each QC 
standard. The repeatability (within-day) and intermediary (between-days) precision 
were also studied following ICH recommendations (ICH, 1996). The accuracies 
ranged 88-101% and 80-120%, respectively, for seawaters and barnacle tissues. 
The precisions ranged 3.9-20.0% and 8.4-19.1%, respectively for seawaters and 
barnacle tissues. Both accuracy and precision were in conformity with ICH (1996) 
validation requirements. 
 
Limits of Detection (LD) and Quantification (LQ) 
 
The LD and LQ of each target PAH were calculated using the signal/noise ratio 
(S/N) obtained in blank samples: LD = 3 S/N and LQ = 10 S/N. The LDs ranged 
0.012 – 1.069 ng.L-1 and 0.002 – 0.061 µg.kg-1, LQs ranged 0.039 – 3.527 ng.L-1 
and 0.008 - 0.201 µg.kg
-1 
respectively, for seawaters and barnacle tissues (Table 
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3). These LD and LQ values were in conformity with ICH (1996) validation 
requirements and were acceptable for environmental analyses (below 
envorinmental concentrations). 
 
Selectivity 
 
The identification of the chromatographic peak specific for each target PAH 
included confirmation by its retention time and mass spectrum (Figure 2). The 
GC-MS analyses showed well resolved peaks for all working standards and 
samples. These results were in accordance with ICH validation requirements and 
European Commission (EC) decision n.º 2002/657/EC, concerning the 
performance of analytical methods (ICH, 1996; EC, 2002).  
 
Matrix Effects 
 
Dissolved organic matter in seawater and the lipophilic nature of barnacle tissues 
can affect the efficiency of SPME extractions and the detection of the target PAHs 
(EC, 2002; Rocha et al., 2011). These matrix effects were evaluated spiking real 
seawater and barnacle tissues samples with known amounts of each target PAH, 
following IUPAC and the EC decision n.º 2002/657/EC validation guidelines (EC, 
2002; Thomson, 2002). The ratio areas and MS spectra of spiked samples were 
compared with those of un-spiked samples and working standards. The EC 
decision n.º 2002/657/EC validation guidelines established tolerance ranges for 
the ion fragments: (i) relative intensity of the base peak larger than 50%: ± 10%; 
(ii) relative intensity of the base peak between 20-50%: ± 15%; (iii) relative 
intensity of the base peak between 10-20%: ± 20% and (iv) relative intensity of the 
base peak lower than 10%: ± 50% (EC, 2002). Neither retention time nor ion 
fragmentation were affected by matrix effectsin seawaters (Relative Standard-
Deviation: RSD < 16.9%) and in barnacle tissues (RSD < 13.8%). As samples 
extractions were carried out using the same operating conditions and validation 
parameters of blanks and working standards, the concentration of each target 
PAH can be calculated using the mean response factor (Table 3). 
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Table 3 - Validation studies of the analytical methods used for PAHs analyses in seawaters and tissues of Chthamalus montagui, 
following the performance parameters established by the International Conference of Harmonization (CPMP/ICH/281/96) and 
IUPAC recommendations (ICH, 1996; Thomson et al, 2002).  
Validation Parameter 
Target PAH 
N Ace AcP F P A Fluo Py 
Linearity (Y=aX+b; R2) 
Seawaters 
 
C. montagui 
 
 
Y=102.2X+1445.4 
R2=0.9360 
Y=200.6X+33804.0 
R2=0.9075 
 
Y=274.4X+910.8 
R2=0.9864 
Y=179.4X+826.1 
R2=0.9196 
 
Y=397.5X+8.6 
R2=0.9883 
Y=219.6X+2396.9 
R2=0.9113 
 
Y=521.8X+92.2 
R2=0.9961 
Y=242.8X+1008.7 
R2=0.8915 
 
Y=350.7X+1485.9 
R2=0.9963 
Y=70.8X+4665.9 
R2=0.8713 
 
Y=360.0X+554.4 
R2=0.9981 
Y=71.4X+4344.5 
R2=0.8720 
 
Y=819.8X+2932.3 
R2=0.9903 
Y=31.9X+312.3 
R2=0.9033 
 
Y=773.2X+2559.6 
R2=0.9880 
Y=23.9X+410.5 
R2=0.9215 
Accuracy (%, N=3) 
Seawaters 
 
C. montagui 
 
101 ± 4 
 
80 ± 6 
 
89 ± 11 
 
120 ± 3 
 
88 ± 5 
 
85 ± 18 
 
89 ± 4 
 
96 ± 4 
 
96 ± 3 
 
96 ± 15 
 
88 ± 7 
 
94 ± 10 
 
99 ± 2 
 
107 ± 5 
 
101 ± 4 
 
96 ± 5 
Precision (%, N=10) 
Seawaters 
 
C. montagui 
 
20.0 
 
18.9 
 
4.1 
 
18.2 
 
7.4 
 
8.4 
 
3.9 
 
9.6 
 
8.9 
 
11.0 
 
8.7 
 
11.0 
 
12.0 
 
19.1 
 
10.7 
 
14.9 
Limits of detection (LD) 
Seawaters (ng/L) 
 
C. montagui (µg/kg, dry wt.) 
 
1.069 
 
0.002 
 
0.131 
 
0.011 
 
0.196 
 
0.018 
 
0.018 
 
0.004 
 
0.054 
 
0.047 
 
0.079 
 
0.011 
 
0.014 
 
0.061 
 
0.012 
 
0.017 
Limits of quantification (LQ) 
Seawaters (ng/L) 
 
C. montagui (µg/kg, dry wt.) 
 
3.527 
 
0.008 
 
0.433 
 
0.036 
 
0.648 
 
0.059 
 
0.061 
 
0.014 
 
0.179 
 
0.154 
 
0.262 
 
0.036 
 
0.047 
 
0.201 
 
0.039 
 
0.056 
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Table 3 – (Continuation)  
Validation Parameter 
Target PAH 
N Ace AcP F P A Fluo Py 
Response Factor (N=10) 
Seawaters 
 
C. montagui 
 
1.29 
 
1.53 
 
1.43 
 
1.12 
 
1.89 
 
1.45 
 
2.63 
 
1.56 
 
1.46 
 
1.27 
 
1.43 
 
1.27 
 
3.44 
 
0.45 
 
1.35 
 
0.36 
Method Suitability  
(% Recuperation, N=3) 
Spiked Seawaters 
 
NIST SRM 2977 
 
 
105.5 ± 0.5 
 
80.3 ± 0.2 
 
 
100.0 ± 0.3 
 
Not available 
 
 
92.5 ± 5.2 
 
107.6 ± 6.6 
 
 
93.9 ± 4.4 
 
91.8 ± 16.5 
 
 
99.0 ± 6.9 
 
81.3 ± 3.2 
 
 
81.5 ± 14.5 
 
84.5 ± 5.4 
 
 
97.0 ± 5.3 
 
92.5 ± 3.1 
 
 
104.8 ± 6.9 
 
86.8 ± 1.7 
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Method Suitability 
 
The suitability of the analytical methods for the determination of PAHs in 
seawaters and barnacles tissues were assured using, respectively, synthetic 
seawater spiked with known amounts of each target PAH and standard reference 
material for PAH contaminants in mussel tissues (SRM 2977, NIST) and the 
respective percentage of recovery was calculated.  
 
The analyses of the spiked synthetic seawaters (Mean ± Standard Deviation, 
n=2: N: 105.5±0.5%; Ace: 100.0±0.3%; AcP: 92.5±5.2%; F: 93.9±4.4%; P: 
99.0±6.9%; A: 81.5±14.5%; Fluo: 97.0±5.3% and Py: 104.8±6.9%) and NIST SRM 
2977 (Mean ± Standard Deviation, n=2: N: 80.3±0.2%; Ace: not available; AcP: 
107.6±6.6%; F: 91.8±16.5%; P: 81.3±3.2%; A: 84.5±5.4%; Fluo: 92.5±3.1% and Py: 
86.8±1.7%) showed mean recoveries above 81.5% and 80.3%, respectively, for all 
target PAHs (Table 3).  
  
7.2.5. Data Analysis 
 
For statistical analyses, a sequence of steps was carried out (Underwood, 1997; 
Rainbow et al., 2004; Silva et al., 2006) and the level of significance considered 
troughout was p=0.05: (i) the normality of all PAHs concentrations distribution 
(seawaters and soft tissues) was checked with Shapiro-Wilk test, using SPSS 
software; (ii) as some values failed normality test, all PAHs values were 
logarithmically (base 10) transformed to reduce deviations of data sets from 
normal distribution; (iii) the homogeneity of variances was checked with Cochran 
test, using WinGMAv 5 software (EICC, University of Sydney); (iv) two-way analyses 
of variance (ANOVA) was used to locate significant differences in PAHs among 
sampling locations (spatial variation) and sampling seasons (seasonal variation), 
using WinGMAv 5 software (EICC, University of Sydney); (v) unplanned 
comparisons (post hoc tests) based on PAHs concentrations were carried out to 
establish groups of sampling locations and sampling seasons which differ 
significantly using Student-Newman-Keuls (SNK) test for ANOVAs from WinGMAv 5 
software (EICC, University of Sydney). 
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7.3. Results and discussion 
7.3.1 Coastal seawater - dissolved PAHs concentrations 
7.3.1.1. Spatial and seasonal variations   
 
Dissolved PAHs concentrations (N, Ace, AcP, F, P, A, Fluo and Py) obtained in 
coastal seawaters during the four sampling seasons are shown in Figure 3. 
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Figure 3 – PAHs concentrations (ng.L-1) in seawater of the 10 locations in each 
season. Different letters show significant spatial differences: increasing order of 
concentrations is A<B<C, etc. Different numbers show significant temporal 
differences: increasing order of concentrations is 1<2<3, etc. 
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1
. In what season is concerned, there is no constant pattern of PAHs distribution 
along the coast: winter-spring seasons obtained the highest concentrations of N, 
Ace, F, P, A and Fluo, and summer-autumn seasons obtained the lowest 
concentrations of all PAHs, except Py.  
 
Indeed, significant spatial variations of PAHs availabilities were obtained along 
the NW coast of Portugal during the four seasons of 2011. These spatial 
variations were studied using two different approaches: dependency of season 
and location:  
A) Dependent of season, the highest concentrations were obtained in: location 1 
for Ace in winter; location 2 for AcP and P in spring; locations 3 and 7 for N 
in, respectively, autumn and winter; location 8 for Ace and AcP in summer 
and location 10 for N in spring and summer. However, the locations 4-6 
(“Leça da Palmeira”-“Vila do Conde”) are the regions with more cases of 
maximum PAHs concentrations in coastal seawaters: location 4 for AcP, F, P, 
A and Fluo in winter and for Ace, A, Fluo and Py in autumn; location 5 for Ace, 
F, A, Fluo and Py in spring, for F and Fluo in summer and for AcP, F and P in 
autumn; location 6 for Py in winter and P, A and Py in autumn. 
 
B) Independent of season, location 1 showed the highest concentration of Ace; 
location 2 showed the lowest concentration of Py; location 4 showed the 
highest concentrations of P, A, Fluo and Py; location 5 showed the highest 
concentration of AcP and F, but the lowest of N; location 7 showed the lowest 
concentrations of F, P and Fluo; location 8 showed the lowest concentrations 
of Ace and A; locations 9 and 10 showed, respectively, the lowest and highest 
concentration of AcP and N. This reveals that the maximum concentrations of 
almost all target PAHs (except N and Ace) were found in locations 4-5 (“Leça 
da Palmeira”-“Cabo do Mundo”). These locations 4 and 5 are in the vicinity of 
the Petrogal oil refinery in this region (Porto metropolitan area).  
 
Significant seasonal variations of PAHs availabilities (p<0.05) were also 
obtained along the NW coast of Portugal during the four seasons. These seasonal 
variations were also studied using the same approaches:  
C) Independent of location, PAHs concentrations in each sampling season 
followed different increasing orders: (i) winter: A < [F ~ Fluo ~ Py] < [Ace ~ 
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P] < AcP < N; (ii) spring: [A ~ Py] < [P ~ Fluo] < F < Ace < AcP < N ; (iii) 
summer: A < [F ~ P ~ Fluo ~ Py] < [Ace ~ AcP] < N and (iv) autumn: A < [P ~ 
Fluo ~ Py] < [Ace ~ F] < AcP < N. These results showed that PAH 
concentrations were not seasonaly dependent, although, A was the lowest 
in all seasons and Naphthalene followed by AcP were the highest 
concentrations. Thus, the larger variations of PAHs concentrations are due 
to location and PAH type, rather than season. The water solubilities of A 
and N are the lowest and highest, respectively, among the eight PAHs 
studied here, therefore is not surprising that the concentrations of A in 
seawater are the lowest and the concentrations of N the highest. However 
solubility alone does not explain the PAH distribution found in seawater. 
 
D) Dependent of location, in all locations of NW coast of Portugal, the spring-
summer seasons showed minimum mean concentrations for AcP, F, P, A, 
Fluo and Py (except locations 2, 6, 8 and 10 for AcP; locations 3, 6 and 10 
for F; locations 7, 8 and 10 for P; locations 6 and 7 for A; locations 2, 5, 8 
and 10 for Fluo and location 8 for Py) and maximum mean concentrations 
for N (except locations 3, 4 and 6). In all locations of NW coast of Portugal, 
the winter-autumn seasons showed minimum mean concentrations for N 
(except locations 5-7) and maximum mean concentrations for AcP, F, P, A, 
Fluo and Py (except location 5 for F; location 10 for P; locations 5 and 7 for 
A; locations 2, 5 and 10 for Fluo and locations 7, 9 and 10 for Py). 
 
7.3.1.2. Ecological quality of the coastal seawaters based on PAHs 
concentrations in seawaters 
 
According to the Norwegian Pollution Control Authority guidelines for PAHs in 
coastal seawaters (SFT TA-2229/2007), all sampled locations of the NW coast of 
Portugal can be classified as “Class II - Good” and “Class I – Background Level” in 
location 7 during the four seasons of 2011 (Tables 4 and 5; SFT, 2007).  
 
These ecological quality classifications of seawaters relative to PAHs 
contamination levels were of much better quality than the classifications relative 
to metal concentrations, based on which, the same locations were “Badly 
polluted” (Reis et al, 2012a,b). 
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Table 4 – Guideline PAHs concentrations for seawaters (SFT TA-2229/2007) and for shellfish (mussels and oysters – OSPAR 461-
2009) used for the Ecological Quality Classification of coastal seawaters (SFT, 2007; OSPAR, 2009). 
Legislation Coastal Seawater Classification 
Element 
N Ace AcP F P A Fluo Py 
 
SFT TA-
2229 
 
Guideline 
values 
(ng.L
-1
) 
Class I – Background < 0.66 < 0.01 < 0.034 < 0.19 < 0.25 - < 0.29 < 0.053 
Class II – Good 0.66 – 2,400 0.01 – 1,300 0.034 – 3,800 0.19 – 2,500 0.25 – 1,300 < 110 0.29 – 120 0.053 – 23 
Class III – Moderate 2,400 – 80,000 1,300 – 3,300 3,800 – 5,800 2,500 – 5,000 1,300 – 5,100 110 – 360 120 – 900 23 – 23 
Class IV – Bad 80,000 – 160,000 3,300 – 33,000 5,800 – 58,000 5,000 – 50,000 5,100 – 10,000 360 – 3,600 900 – 1,800 23 –46 
Class V – Very Bad > 160,000 > 33,000 > 58,000 > 50,000 > 10,000 > 3,600 > 1,800 > 46 
 
OSPAR 461-
2009 
 
Guideline 
values 
(µg.kg
-1
, dry 
wt.) 
Class I – Low Concentrations - - - - < 4.0 - < 5.5 < 4.0 
Class II – Natural Background 
Concentrations 
< 81.2 - - - 4.0 – 12.6 < 2.7 5.5 – 11.2 4.0 – 10.1 
Class III – Environmental 
Concentrations 
81.2 – 340 - - - 12.6 – 1,700 2.7 – 290 11.2 – 110 10.1 – 100 
Class IV – Unacceptable 
Concentrations/Polluted 
> 340 - - - > 1,700 > 290 > 110 > 100 
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Table 5 – Ecological Quality Classification of seawaters of the 10 locations of the 
Northwest coast of Portugal during 2011, based on guideline PAHs 
concentrations for seawaters (SFT TA-2229/2007) and for shellfish (mussels and 
oysters – OSPAR 461-2009) (SFT, 2007; OSPAR, 2009). 
 Ecological Quality Classification 
(SFT TA-2229 / OSPAR 461-2009) 
Location 
Winter 
2011 
Spring 
2011 
Summer 
2011 
Autumn 
2011 
1 II / III II / II II / II II / II 
2 II / III II / II II / II II / II 
3 II / III II / II II / II II / II 
4 II / II II / II II / II II / III 
5 II / III II / II II / II II / II 
6 II / III II / II II / II II / II 
7 II / II II / II II / II II / II 
8 II / III II / II II / II II / II 
9 II / II II / II II / II II / II 
10 II / II II / II II / II II / II 
 
7.3.2 Barnacle soft tissues – Total PAHs concentrations 
7.3.2.1. Spatial and seasonal variations   
 
Total PAHs concentrations (N, Ace, AcP, F, P, A, Fluo and Py) obtained in C. 
montagui soft tissues from NW coast of Portugal during the four seasons of 2011 
are shown in Figure 4. 
 
Independent of season or location, the PAHs concentrations in Chthamalus 
montagui (µg.kg
-1
, dry wt.) ranged: N: 0.13 – 3.12; Ace: 0.29 – 2.06; AcP: 1.29 – 
24.42; F: 0.14 – 3.54; P: 0.59 – 4.11; A: 0.67 – 4.08; Fluo: 0.48 – 2.75 and Py: 
0.25 – 13.19. 
 
Significant spatial and seasonal variations of PAHs concentrations (p<0.05) 
were obtained along the NW coast of Portugal during the four seasons of 2011. 
These variations were studied using the same two previous approaches, 
dependency of season and location. 
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Figure 4 – PAHs concentrations (µg.kg-1, dry wt.) in soft tissues of Chthamalus 
montagui of the 10 locations in each season of 2011. In each season, different 
letters show significant spatial differences (p<0.05): increasing order of 
concentrations is A<B<C, etc. In each location, different numbers show significant 
temporal differences (p<0.05): increasing order of concentrations is 1<2<3, etc. 
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Spatial variation:  
(A) Dependent of season, the highest concentrations were accumulated in 
barnacles in: location 2 for Ace in winter and summer and for AcP and P in 
spring; in locations 3, 7 and 8, respectively, for N in autumn, N in winter and 
AcP in summer; in location 10 for N in spring and summer; in location 4 for F 
in winter and for P, A, Fluo and Py in autumn; in location 5 for AcP in winter, 
Ace in spring and autumn, F in spring, summer and autumn, A in spring and 
autumn, Fluo in spring and summer and Py in spring and in location 6 for P 
and A in winter and summer, Fluo in winter and Py in winter and summer. 
 
(B) Independent of season, locations 2, 5 and 8 showed the lowest 
concentrations of, respectively, Py, N and Fluo; location 7 showed the lowest 
concentrations of F, P and A and location 9 showed the lowest concentrations 
of Ace and AcP. On the contrary, locations 3 and 4 showed the highest 
concentrations of, respectively, N and Py; location 5 showed the highest 
concentrations of Ace, AcP and F and location 6 showed the highest 
concentrations of P, A and Fluo. The highest concentrations of PAHs 
accumulated by C. montagui occurred in locations 3-6 (“Castelo do Queijo” - 
“Vila do Conde”). 
 
Seasonal variation:  
(C) Independent of location, the mean PAHs concentrations in C. montagui soft 
tissues in each sampling season followed different increasing orders: (i) 
winter: N < [Ace ~ F] < Fluo < [P ~ A] < Py < AcP; (ii) spring: N < [Ace ~ F] < [P 
~ Fluo ~ Py] < A < AcP ; (iii) summer: N < [Ace ~ F] < [P ~ A ~ Fluo] < Py < AcP 
and (iv) autumn: [Ace ~ P ~ A ~ Fluo] < [N ~ F] < Py < AcP. As in seawater, 
PAHs concentrations in C. montagui were not seasonaly dependent, but 
unlike in the seawater N and Ace were the lowest in the tissues and A and Py 
were second or third thus, there was an inversion of concentrations in the 
tissues of C. montagui relative to the water concentrations. On the other hand 
AcP kept its relative abundance in both matrices, second highest in the 
seawater and the highest in the tissues. These findings are probably related 
to firstly differences on solubilities of the PAHs in hydrophylic environments 
such as seawater and in hydrophobic surroundings as tissues of living 
organisms and secondly to differences on the ability of detoxication of the 
Chapter 7 - Chthamalus montagui as biomonitor of polycyclic aromatic 
hydrocarbons contamination in the northwest coast of Portugal 
 
197 
  
different PAHs. The lower molecular weights being easier to degrade and 
eliminate than the higher molecular weights such as Py;  
(D) Dependent of location, in all locations of NW coast of Portugal, the spring-
summer seasons showed minimum mean concentrations for all target PAHs 
(except location 1 for F, P and A; location 2 for Ace, P and Fluo; locations 3 
and 7 for Ace, P and A; location 4 for Py; location 5 for Fluo and Py; location 6 
for AcP, F and A; location 8 for Ace and AcP and location 10 for N, F, P and 
Fluo). In all locations of NW coast of Portugal, the winter-autumn seasons 
showed maximum mean concentrations for all target PAHs in C. montagui 
tissues (except location 2 for Fluo; location 3, 6 and 8 for Ace; location 4 for 
A; location 5 for F and Fluo; location 9 for P and location 10 for Fluo and Py). 
 
7.3.2.2. Correlations between PAHs concentrations in seawater and C. 
montagui soft tissues 
 
The correlations between PAHs concentrations in coastal seawaters and C. 
montagui soft tissues on each season of 2011 calculated by linear regression 
models are shown in Table 6.  
 
During the four seasons, there were very significant positive correlations for all 
PAHs (P<0.001, R
2
>0.6683) between the concentrations in seawaters and C. 
montagui. These significant correlations suggest that dissolved PAHs 
concentrations in seawater describe well the process of PAHs accumulation by C. 
montagui and they provide good estimates of the bioavailable PAHs fractions of 
each location. However, it should be stated that some locations were considered 
outliers by the SPSS software (PAHs values that changed linear correlation 
coefficients (R) more than 0.1) and were not used in the linear regression models 
(Reis et al 2009, 2012a,b). 
 
This study showed that C. montagui can be used for biomonitoring PAHs on 
the NW coast of Portugal during the four seasons of the year.  
 
The contaminant Bioaccumulation Factor (BAF) approach is adequate to assess 
the efficiency of accumulation by barnacles (Morillo et al., 2005; Reis et al., 
2012a,b). The log BAF values (basis 10) were calculated as log transformed ratio 
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between PAHs concentrations in C. montagui soft tissues (µg.kg
-1
, dry wt.) and in 
coastal seawaters (ng.L
-1
). The mean log BAF values of each PAH are shown in 
Table 7 and they followed the same increasing order during the four seasons: N < 
[Ace ~ F] < [AcP ~ P ~ Fluo] < Py < A. During the four seasons, C. montagui 
bioaccumulated A and Py at higher rates than the other PAHs, reflecting its higher 
sensitivity to these PAHs, despite the concentrations in seawater, especially A 
were the lowest. On the contrary the lowest mean log BAF value was obtained for 
N, the most concentrated PAH in seawater. This is probably due to the fact of 
being a PAH of two benzene rings and larger water solubility than the others, 
becoming easier to degrade and excrete.  
 
Table 6 - Correlations between PAHs concentrations in coastal seawaters (ng.L
-1
) 
and Chthamalus montagui soft tissues (µg.kg
-1
, dry wt.) Regression model: Y [PAH 
in C. montagui tissue] = a. [PAH in seawater] + b.  
Correlations between PAHs 
concentrations in coastal 
seawaters and  C. montagui 
soft tissues 
Linear regression model: Y=a.X+b 
Winter Spring Summer Autumn 
Element a b R2 a b R2 a b R2 a b R2 
N 0.0301 0.1512 0.8508** 0.0035 0.1752 0.8686** 0.0160 0.0683 0.8958** 0.0287 0.6765 0.8624** 
Ace 0.5054 0.5259 0.7946** 0.3198 0.3839 0.9963** 0.3542 0.1741 0.9803** 0.3573 0.1950 0.9909** 
AcP 1.5630 1.4828 0.8272** 1.3678 2.6568 0.9984** 1.4341 0.8726 0.9988** 1.3945 3.8408 0.9973** 
F 1.0162 0.1310 0.7835** 1.1566 -0.2685 0.9994** 1.1952 -0.4125 0.9952** 1.1692 -0.5145 0.9935** 
P 1.3537 1.0624 0.7603** 1.2004 0.4367 0.9890** 1.2568 0.3942 0.9896** 1.1458 0.3320 0.9971** 
A 4.3113 1.6284 0.6683** 4.8239 0.7341 0.9857** 4.5769 0.6613 0.9855** 4.9431 0.4343 0.9695** 
Fluo 1.9983 0.0233 0.8169** 2.0370 -0.1370 0.9959** 2.0460 -0.1511 0.9983** 2.0323 -0.1784 0.9908** 
Py 9.6688 -3.7197 0.7837** 10.1500 -1.0007 0.9577** 9.3091 -5.0453 0.9712** 10.2700 -4.1740 0.9966** 
**P<0.001: very significant correlations. 
 
Table 7 – Mean PAHs bioaccumulation factors (log BAF) in soft tissues of 
Chthamalus montagui in each season of 2011. 
Season 2011 
Mean log BAF values in soft tissues of C. montagui of NW coast of Portugal 
N Ace AcP F P A Fluo Py 
Winter 1.71 ± 0.08 2.91 ± 0.31 3.40 ± 0.25 3.02 ± 0.29 3.33 ± 0.22 4.03 ± 0.29 3.24 ± 0.15 3.57 ± 0.24 
Spring 0.88 ± 0.20 2.81 ± 0.14 3.42 ± 0.14 2.88 ± 0.14 3.27 ± 0.06 3.99 ± 0.11 3.26 ± 0.02 3.69 ± 0.17 
Summer 1.39 ± 0.15 2.72 ± 0.12 3.34 ± 0.14 2.80 ± 0.13 3.25 ± 0.04 4.03 ± 0.15 3.25 ± 0.03 3.52 ± 0.12 
Autumn 1.74 ± 0.37 2.75 ± 0.18 3.31 ± 0.14 2.92 ± 0.12 3.23 ± 0.07 3.90 ± 0.07 3.25 ± 0.03 3.66 ± 0.17 
 
2011 
(Annual) 
1.44 ± 0.37 2.80 ± 0.21 3.37 ± 0.17 2.91 ± 0.20 3.27 ± 0.12 3.98 ± 0.18 3.25 ± 0.08 3.61 ± 0.19 
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7.3.3 Ecological quality of the coastal seawaters  
 
The OSPAR convention for the Protection of the Marine Environment of the 
North-East Atlantic (ratified by Belgium, Denmark, Finland, France, Germany, 
Iceland, Ireland, Luxembourg, Netherlands, Norway, Portugal, Sweden, 
Switzerland and the United Kingdom and approved by the European Community) 
established guidelines for PAHs concentrations in shellfish (mussels and oysters – 
OSPAR 461-2009), which can be used for ecological quality classification of 
coastal seawaters (OSPAR, 2009; Table 4). Considering these PAHs guidelines and 
the concentrations bioaccumulated by Portuguese C. montagui, all coastal 
seawaters can be classified as “Class II/III – Natural Background/Environmental 
Concentrations” during the four seasons of 2011 (Table 5). These ecological 
classifications based on PAHs concentrations in C. montagui soft tissues are in 
accordance with the previous classifications based on dissolved PAHs 
concentrations of seawaters (section 3.1.2). Comparisons with the ecological 
classifications of these same locations in 2009 and 2010, (based on metal 
concentrations in acorn barnacles C. montagui and goose barnacles Pollicipes 
pollicipes) gave as result “Class II/IV – Moderately/Highly Polluted”, showing that 
PAHs ecological quality classifications in 2011 were of better quality than metal 
ecological classifications (Reis et al, 2012a,b). These results also showed that the 
NW coast of Portugal was not significantly contaminated by PAHs on any of the 
four seasons of 2011. 
 
It should be stated that the PAHs OSPAR guidelines for shellfish (mussels and 
oysters) can be used to classify the ecological quality of Portuguese Coastal 
Waters. However, the use of a different biomonitor species (acorn barnacle C. 
montagui) may need adaptations to be fully applied.  
 
7.4. Conclusions 
 
Simple and fast SPME-GC-MS methods were developed and validated for the 
determination of eight US EPA prioritary PAHs (N, Ace, AcP, F, P, A, Fluo and Py) in 
coastal seawaters and C. montagui soft tissues. This work showed that acorn 
barnacles C. montagui are an adequate species to assess spatial and seasonal 
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variations of PAHs availabilities in the NW coast of Portugal during the four 
seasons of the year, since there were always very significant positive correlations 
(p<0.001) between all PAHs concentrations in seawaters and C. montagui soft 
tissues. Significant spatial and seasonal variations of PAHs concentrations in 
seawaters and C. montagui were also obtained along the NW coast of Portugal. 
The mean log BAF values of each target PAH showed a constant increasing order 
during the four seasons of 2011: N < [Ace ~ F] < [AcP ~ P ~ Fluo] < Py < A. Thus, 
C. montagui bioaccumulated more efficiently A and Py, reflecting the higher 
sensitivities to these PAHs, but less efficiently N, probably due to the 
physiological ability to eliminate it, since it is the simplest PAH and hence the 
easiest to biodegrade and excrete. In terms of ecological quality classification 
based on dissolved PAHs concentrations in seawaters, the NW coast of Portugal 
should be classified as  “Class II - Good” during the four seasons of 2011  and 
“Class I – Background Level” in one location in autumn). Indeed, regarding PAHs 
concentrations accumulated by C. montagui, these ecological quality 
classifications varied from “Class II/III – Natural Background/Environmental 
Concentrations”. Comparisons with the metal ecological classifications of 2009 
and 2010 in the same locations (“Class II/IV – Moderately/Highly Polluted”) 
suggest that PAHs in the NW coast of Portugal are not a major pollution concern. 
 
This work intends to reduce the lack of data on PAHs concentrations in 
seawaters and barnacles C. montagui from NW coast of Portugal. It will also 
provide a useful reference database for comparison purposes in future works. 
Further research trends should involve more complete PAHs monitoring 
programs, including the remaining eight EPA prioritary PAHs (benz[a]anthracene, 
chrysene, benzo[b]fluoranthene, benzo[k]fluoranthen, benzo[a]pyrene, 
dibenz[ah]anthracene, benzo[ghi]perylene and indeno[1,2,3-cd]pyrene), other 
marine species and extension to the whole Portuguese coast. 
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Pollicipes pollicipes as biomonitor of polycyclic aromatic hydrocarbons 
contamination in the northwest coast of Portugal 
 
 
Abstract 
 
Simple, fast and economic SPME-GC-MS methods were developed and validated 
for the determination of eight US EPA prioritary PAHs (N, Ace, AcP, F, P, A, Fluo 
and Py) in coastal seawaters and soft tissues of goose barnacles P. pollicipes. A 
monitoring program was carried out along the NW coast of Portugal during the 
four seasons of 2011. This work showed that there were: (i) significant spatial 
and seasonal variations (p<0.05) on the concentrations of PAHs in seawaters and 
P. pollicipes and (ii) significant correlations (p<0.05) between PAHs concentrations 
in seawater and P. pollicipes during each season. Thus, P. pollicipes proved to be 
an adequate biomonitor species of PAHs availabilities along the NW coast of 
Portugal during all seasons of the year. The rates of accumulation of PAHs in 
Goose barnacles P. pollicipes were higher for A and Py, despite their 
concentrations in the water were low, and they showed high physiological ability 
to regulate/eliminate N and Ace. Regarding PAHs concentrations in seawater and 
P. pollicipes, the NW coast of Portugal should be ecologically classified as “Class II 
– Good/Natural Background Concentrations” during the four seasons of 2011, 
(“Class III – Environmental Concentrations” in location 1, in winter). These results 
showed that the NW coast of Portugal has low PAHs contamination during the 
four seasons. 
 
 
 
 
 
 
 
Keywords: Pollicipes pollicipes; Biomonitor; PAHs; Coastal Waters; Portugal 
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8.1 Introduction 
 
The United States Environmental Protection Agency (US EPA) included 16 parent 
polycyclic aromatic hydrocarbons (PAHs) in their prioritary list of contaminants 
that should be constantly monitored in the environment:  Naphthalene (N), 
Acenaphthylene (Ace), Acenaphthene (AcP), Fluorene (F), Phenanthrene (P), 
Anthracene (A), Fluoranthene (Fluo), Pyrene (Py), Benzo[a]anthracene (BaA), 
Chrysene (Ch), Benzo[b]fluoranthene (BbF), Benzo[k]fluoranthene (BkF), 
Benzo[a]pyrene (BaP), Indeno[1,2,3-cd]pyrene (IP), Dibenzo[a,h]anthracene (DBA) 
and Benzo[g,h,i]perylene (Bper) (US EPA, 2010). Above threshold concentrations, 
PAHs are organic compounds that have high potential to cause negative effects in 
organisms, due to their high lipophilicity, low biodegradation rates along food 
chains and high toxicity and carcinogenic properties to aquatic organisms and 
humans (Baek et al, 1991; Guinan et al, 2001; Rocha et al, 2011). The PAHs 
present in the environment have simultaneously natural (emissions from forests 
fires and volcanoes) and anthropogenic (incomplete combustion of coal, oil, 
wood, diesel and gasoline) sources, but the latter are the main contributers to the 
widespread of these pollutants on the environment (Baek et al, 1991; Guinan et 
al, 2001; Rocha et al, 2011). 
 
The use of goose barnacles species as biomonitors of PAHs availability in 
coastal waters is almost unreported in the literature. A first study concerning the 
effects of petroleum hydrocarbons in goose barnacles was carried out by Morris 
(1973), who measured the total hydrocarbon content in Lepas fascicularis living 
on tarballs. This study concluded that goose barnacles evidenced petroleum 
hydrocarbon contamination (60,000 µg of total hydrocarbons.g
-1
, lipid basis), but 
there was no reason for pollution alarm, because petroleum hydrocarbons were 
rapidly assimilated and unmetabolized excreted by L. fascicularis (Morris, 1973). 
 
Much later, Viñas et al. (2009) determined aliphatic and aromatic hydrocarbons 
in the razor shells Ensis arcuatis and E. siliqua, goose barnacles Pollicipes 
cornucopia and sea urchin Paracentrotus lividus from the Galicia coast (NW Spain) 
after the Prestige oil spill. This work showed that the aliphatic fractions were 
dominated by biogenic hydrocarbons, as a reflection of the diet composition of 
the organisms and their low metabolic rates (Viñas et al., 2009). The aromatic 
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fractions were mainly 3-6 ring parent and alkylated PAHs, revealing a mixed 
petrogenic-pyrolytic origin of the oil (Viñas et al., 2009). However, both fractions 
showed significant temporal and interspecific variations (Viñas et al., 2009). In 
coastal seawaters, the total PAHs concentrations increased significantly after the 
spill and decreased to background levels after 6-7 months (Viñas et al., 2009). 
Twelve months after the spill, the average total PAHs concentrations were 58 
µg/kg, 26 µg/kg and 25 µg/kg, for razor shells, goose barnacles and sea urchins, 
respectively (Viñas et al., 2009). This work clearly indicated that goose barnacle 
species can be used in oil spill monitoring programs. 
 
In the present work, goose barnacles Pollicipes pollicipes from the northwest 
(NW) coast of Portugal were collected during the four seasons of 2011. The main 
objectives were: 
(i) To develop and validate analytical methods for the determination of PAHs in 
coastal seawaters and soft tissues of goose barnacles P. pollicipes; 
(ii) To assess the potential use of P. pollicipes as biomonitor of PAHs 
contamination; 
(iii) To collect data on concentrations of PAHs in coastal seawaters and soft 
tissues of P. pollicipes, which will allow to construct a useful database; 
(iv) To assess spatial and seasonal variations of PAHs concentrations in seawaters 
and P. pollicipes; 
(v) To establish correlations between PAHs availabilities in seawater and PAHs 
accumulated by P. pollicipes; 
(vi) To calculate bioaccumulation factors of PAHs by P. pollicipes; 
(vii) To assess the ecological quality of the NW coast of Portugal based on PAHs 
concentrations in seawater and P. pollicipes. 
 
8.2. Materials and Methods 
8.2.1. Study Area 
 
Coastal seawater and P. pollicipes from ten locations from the NW coast of 
Portugal were sampled during the four seasons of 2011 (winter, spring, summer 
and autumn) (Figure 1).  
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 These locations showed abundant populations of P. pollicipes during all year 
and they are exposed to different levels of contamination including metals (Reis 
et al.2012a,b) since they receive several types of effluents, such as industrial and 
domestic.
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Fig. 1 Geographical distribution of the 10 sampling locations along the northwest coast of Portugal. 
 
8.2.2. Reagents and materials 
 
All reagents used in this work were at least of pro analysis (p.a.) grade: NaCl 
(Panreac, p.a.); Stock PAHs Standards - EPA TCL Polynuclear Aromatic 
Hydrocarbons Mixture (16 US EPA prioritary PAHs, 2000 µg/ml each in 
dichloromethane-benzene (1:1, v/v); Supelco); PAHs Internal Standards (IS) – 
Surrogate Standards Mixture (Naphthalene-d
8
 (N-d
8
), Acenaphthene-d
10
 (Ace-d
10
), 
Phenanthrene-d
10
 (P-d
10
), Chrysene-d
12
 (Ch-d
12
) and Perylene-d
12 
(Per-d
12
), 2000 
µg/ml each in dichlorolethane; Supelco). Both Stock PAHs Standards and PAHs IS 
solutions were stable at least for one year in the dark at -20 ºC (Rocha et al, 
2011). Ultra-pure water from Milli-Q system (conductivity: 0.054 µS.cm
-1
 at 25 ºC) 
was used to prepare all working solutions. 
 
All glassware was decontaminated before use with detergent solution (Derquim 
LM 01, Panreac), at least for 24 h, submersed in nitric acid solution (20%, v/v), at 
1 –  Paramos 
2 –  Foz 
3-   Castelo do Queijo 
4-    Leça da Palmeira 
5 –  Cabo do Mundo 
6 –  Vila do Conde 
7 –   Fão-Ofir 
8 –   Viana do Castelo 
9 –   Forte do Paçô 
10 – Moledo 
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least for another 24 h, and then washed with deionised water (conductivity: 
<0.066 µS.cm
-1
 at 25 ºC; Elix-3 system). These procedures were according to 
IUPAC recommendations (Thomson et al, 2002; Rocha et al., 2011). 
 
8.2.3. Sampling strategy 
 
In each location during the four seasons, three replicates of coastal seawater 
(n=3) were collected in glass bottles. In the laboratory, seawater samples were 
filtered (Whatman, cellulose nitrate membrane filter, 0.45µm) and frozen (-8 ºC) 
until analyses. 
  
Following the same sampling strategy as described in Reis et al. (2012b), at 
least three hundred P. pollicipes individuals (total length: >2 cm) were collected 
from intertidal rocks and transported in refrigerated glass containers to the 
laboratory within 8 hours. Goose barnacles were dissected and their soft tissues 
separated from shell plates. Only soft tissues were used in this work and they 
were divided into three replicates of 100 non-depurated individuals, lyophilized 
and homogenized. Since the mean dry weights of 10 randomly pooled individuals 
showed no significant differences (p<0.05), body size should not be a variable 
that could affect the accumulation of PAHs among replicate samples (Reis et al, 
2012a,b). The Bioaccumulation factor (BAF) of each target PAH was calculated as 
PAH concentration in soft tissues divided by PAH concentration in the seawater 
(converted to equivalent units). 
 
8.2.4 Analytical Methods 
8.2.4.1 Solid Phase MicroExtraction (SPME) 
 
The analyses of target PAHs in coastal seawaters and soft tissues consisted on 
solid phase microextraction (SPME) devices and fibers coated with 
polydimethylsiloxane (PDMS, 100 µm, Supelco). Following the manufacturer 
recommendations, fibers were pre-conditioned in the hot injection port of the GC-
MS equipment (250 ºC, 60 min). To avoid contaminations, the fibers were daily 
cleaned in the hot injection port of the GC-MS (270 ºC, 6 min).   
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Seawaters 
 
The final SPME method used for the determination of PAHs in coastal seawaters 
was based on Qingling et al (2006) and Rocha et al (2011) methods: direct 
immersion of fibers into samples (sample total volume: 15 mL; amber glass vials 
capped with PTFE-coated septa, Supelco) during 2 h at 60 ºC, under continuously 
stirring at 600 rpm. 
 
P. pollicipes 
 
The final SPME method used for the determination of PAHs accumulated in 
goose barnacles soft tissues was based on Aguinaga et al (2008) and Martendal 
and Carasek (2011) methods: 1 g (dry weight) of soft tissues with 12 mL of NaCl 
solution (149 g.L
-1
) was continuously stirred at 400 rpm in a 15 mL amber glass 
vial during 1 h at 75 ºC. The SPME extraction was performed in the free Head-
Space (HS) of the vial, by adsorption processes of available PAHs in gaseous 
phase (HS-SPME), without submersion of the fiber into solution (Aguinaga et al, 
2008; Martendal and Carasek, 2011). 
 
8.2.4.2 GC-MS Analysis 
 
The analyses of PAHs in seawaters and soft tissues of P. pollicipes were 
performed in a Gas Chromatograph (GC, Varian CP-3800) coupled with an Ion 
Trap Mass Spectrometer (MS, Varian Saturn 2200). The operating conditions of 
this GC-MS equipment were similar to Rocha et al. (2011). The chromatographic 
column was Varian FactorFour (VF-5ms) fused silica capillary column (30 m, 0.25 
mm i.d., 0.25 µm film thickness) and the carrier gas was Helium (99.99% putity) 
with a constant flow of 1.3 mL.min
-1
. The column oven temperatures program 
was: Step 1: 4 min at 40 ºC; Step 2: 40 to 150 ºC at 40.0 ºC.min
-1
; Step 3: 150  to 
280 ºC at 2.9 ºC.min
-1
; Step 4: 4 min at 280 ºC and Step 5: 280 to 290 ºC at 4.0 
ºC.min
-1
. These GC-MS analysis took 60.58 min per run. The temperatures of the 
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injection port, transfer line and ion trap of the MS equipment were set to, 
respectively, 270 ºC, 250 ºC and 230 ºC. The SPME fiber was thermally desorpted 
in the hot injection port of the MS. The identification of each target PAH was done 
by electron impact ionization on Selected Ion Storage (µSIS) mode (Figure 2) and 
the quantification by programming three acquisition groups (Table 1). 
 
Table 1 – GC-MS Analysis: Instrumental parameters used for identification and 
quantification of each target PAH (adapted from Yan et al., 2004 and US EPA, 
2010).  
Compound Molecular Structure 
tR 
(min) 
Molar 
mass 
Quantification 
ions (m/z) 
Quantification 
ions (m/z) 
Segment 
times (min) 
Naphthalene-d8 (N-d8) 
 
7.629 136 136 - 7.20 – 9.50 
Naphthalene (N) 
 
7.648 128 128 127 7.20 – 9.50 
Acenaphthylene (Ace) 
 
10.126 152 152 151 9.50 – 14.00 
Acenaphthene-d10 (AcP-d10) 
 
10.473 164 164 - 9.50 – 14.00 
Acenaphthene (AcP) 
 
10.559 154 154 154 9.50 – 14.00 
Fluorene (F) 
 
12.133 166 166 166 9.50 – 14.00 
Phenanthrene-d10 (P-d10) 
 
16.164 188 188 - 14.00 – 18.50 
Phenanthrene (P) 
 
16.289 178 178 176 14.00 – 18.50 
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Table 1 – (Continuation) 
Compound Molecular Structure 
tR 
(min) 
Molar 
mass 
Quantification 
ions (m/z) 
Quantification 
ions (m/z) 
Segment 
times (min) 
Anthracene (A) 
 
16.549 178 178 176 14.00 – 18.50 
Fluoranthene (Fluo) 
 
23.500 202 202 101 22.00 – 27.00 
Pyrene (Py) 
 
24.951 202 202 101 22.00 – 27.00 
 
8.2.4.3 Validation Studies 
 
The analytical methods used for the determination of PAHs in seawaters and 
soft tissues of P. pollicipes were validated for each one of the parameters 
established by the International Conference of Harmonization (CPMP/ICH/281/96) 
and IUPAC recommendations: linearity, accuracy, precision, limits of detection 
(LD), limits of quantification (LQ) and selectivity (ICH, 1996; Thomson et al, 
2002). The studies of matrix effects and method suitabilitiy were also included 
(Table 2). 
 
Linearity 
 
Six nominal calibration standards mixtures were prepared from the Stock PAHs 
Standards by spiking blank samples (free of all target PAHs). The blank samples 
were prepared with synthetic seawater (salinity: 3.5%) and blank soft tissues 
(collected at a non-contaminated location, were dried during 1 week at 
temperature higher than 100ºC). Calibration curves ranged 20-100 ng.L
-1
 and 
200-1000 ng.kg
-1
, respectively, for seawaters and goose barnacle tissues. The 
calibration curves and respective correlation coefficients (R
2
) for each target PAH 
are shown in Table 2. The R
2
 values ranged 0.9360-0.9981 for seawater and 
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0.8713-0.9215 for goose barnacle tissues, which are in conformity with ICH 
(1996) validation requirements. 
 
In all calibration standards and samples, a constant concentration of PAHs IS 
solution was added for quantification (seawater: 100 ng.L
-1
 and goose barnacle 
tissues: 600 ng.Kg
-1
). The mean Response Factor (RF) of each PAH was calculated 
as the average of the responses of each nominal calibration standard mixture 
divided by PAH response in the IS solution (Table 2).  
 
Accuracy and Precision 
 
The accuracy and precision of the analytical methods were calculated using 
triplicates of three Quality Control (QC) standards (Seawater: 30 ng.L
-1
, 50 ng.L
-1
 
and 70 ng.L
-1
; Goose barnacle tissues: 300 ng.Kg
-1
, 500 ng.Kg
-1
 and 700 ng.Kg
-1
) 
(Table 2). The accuracy was calculated as the ratio between nominal and real 
values of each QC standard expressed as percentage. The precision was 
expressed in terms of the relative standard deviation (RSD) between the three 
replicate values of each QC standard. The repeatability (within-day) and 
intermediary (between-days) precision were also calculated following ICH 
requirements (ICH, 1996). The accuracy ranged 88-101% and 86-111%, 
respectively, for seawater and goose barnacle tissues (Table 2). The precision 
ranged 3.9-20.0% and 8.4-19.1%, respectively for seawater and goose barnacle 
tissues (Table 2). Both accuracy and precision were in conformity with ICH (1996) 
validation requirements. 
 
Limits of Detection (LD) and Quantification (LQ) 
 
The LD and LQ of each target PAHs were calculated using the signal/noise ratio 
(S/N) obtained in blank samples: LD = 3 S/N and LQ = 10 S/N. The LDs ranged 
0.012 – 1.069 ng.L-1 and 0.002 – 0.061 µg.kg-1, respectively, for seawater and 
goose barnacle tissues (Table 2). The LQs ranged 0.039 – 3.527 ng.L-1 and 0.008 - 
0.201 µg.kg
-1
, respectively, for seawater and barnacle tissues (Table 2). These LD 
and LQ values were in conformity with ICH (1996) validation requirements and 
were satisfactorily accepted for these environmental samples. 
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Selectivity 
 
The selectivity was based on the identification of the chromatographic peak of 
each target PAH, which included confirmation of its retention time and mass 
spectrum (Figure 2). The GC-MS analyses showed well resolved peaks for all 
working standards and samples. These results were also in accordance with ICH 
validation requirements and European Commission (EC) decision n.º 
2002/657/EC concerning the performance of analytical methods (ICH, 1996; EC, 
2002).  
 
Matrix Effects 
 
Matrix effects due to the presence of humic and fulvic acids in seawater and 
lipophilicity of tissues can severely affect the efficiency of SPME extractions and 
the detection of PAHs (EC, 2002; Rocha et al., 2011). These matrix effects were 
assessed by spiking real samples (seawater and goose barnacle tissues) with 
known amounts of each target PAH, following IUPAC and EC decision n.º 
2002/657/EC validation guidelines (EC, 2002; Thomson, 2002). The ratio areas 
and MS spectra of each spiked sample were compared with those of un-spiked 
samples and working standards. The EC decision n.º 2002/657/EC validation 
guidelines established different tolerance ranges for ion fragments, depending on 
the relative intensity of the base peak: (i) larger than 50%: ± 10%; (ii) 20-50%: ± 
15%; (iii) 10-20%: ± 20% and (iv) lower than 10%: ± 50% (EC, 2002). All retention 
times and ion fragments allowed identification of the peaks within the tolerance 
ranges in seawater (RSD < 16.9%) and goose barnacles (RSD < 19.0%). Thus, the 
concentrations of each target PAH can be calculated using the mean response 
factor, because sample extractions were carried out using the same operating 
conditions and validation parameters of blanks and working standards (Table 2).  
 
Method Suitability 
 
The suitability of analytical methods for the determination of PAHs in coastal 
seawaters and goose barnacles tissues were assured using, respectively, synthetic 
seawater spiked with known amounts of each target PAH and standard reference 
material for organic contaminants in mussel tissues (SRM 2977, NIST).  
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The SPME extraction method used in this study could only be applied with 
acceptable recoveries (100±20%) to eight of the 16 PAHs of the priority list of 
pollutants of USEPA: N, Ace, AcP, F, P, A, Fluo and Py. The analyses of the spiked 
synthetic seawaters gave as result the following mean recoveries: (Mean ± 
Standard Deviation, n=2: N: 105.5±0.5%; Ace: 100.0±0.3%; AcP: 92.5±5.2%; F: 
93.9±4.4%; P: 99.0±6.9%; A: 81.5±14.5%; Fluo: 97.0±5.3% and Py: 104.8±6.9%) 
and NIST SRM 2977 (Mean ± Standard Deviation, n=2: N: 94.3±10.0%; Ace: not 
available; AcP: 102.9±6.4%; F: 103.4±16.0%; P: 83.5±3.8%; A: 88.3±6.1%; Fluo: 
94.7±3.3% and Py: 88.0±1.9%) showed mean recoveries above 81.5% and 83.5%, 
respectively, for these eight PAHs (Table 2).  
  
8.2.5. Data Analysis 
 
A sequence of steps was carried out for the statistical treatment of data 
considering the level of significance p=0.05 throughout (Underwood, 1997; 
Rainbow et al., 2004; Silva et al., 2006; Reis et al, 2012a,b): step 1: normal 
distribution of all PAH concentrations (in seawater and soft tissues) were checked 
with Shapiro-Wilk test, (p<0.05) and using SPSS software; step 2: as some values 
failed normality test, all concentrations were logarithmically (base 10) 
transformed to reduce deviations of data sets from normal distribution; step 3: 
homogeneity of variances was checked with Cochran test; step 4: two-way 
analyses of variance (ANOVA) was used to identify significant (p<0.05) differences 
among locations (spatial variations) and seasons (seasonal variations); step 5: 
unplanned comparisons (post hoc tests) established significantly (p<0.05) or very 
significantly (p<0.001) different groups of locations and seasons, using Student-
Newman-Keuls (SNK) test for ANOVAs. Steps 3-5 were done with WinGMAv 5 
software (EICC, University of Sydney). 
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Figure 2 – Chromatogram of a standard mixture of the eight target PAHs 1000 ng.kg-1 each and the three deuterated internal standards in Selected Ion Storage mode (µSIS). 
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Table 2 - Validation studies of the analytical methods used for PAHs in seawater and tissues of Pollicipes pollicipes, according to 
CPMP/ICH/281/96 and IUPAC recommendations (ICH, 1996; Thomson et al, 2002). 
Validation Parameter 
Target PAH 
N Ace AcP F P A Fluo Py 
Linearity (Y=aX+b; R2) 
Seawaters 
 
P. pollicipes 
 
 
Y=102.2X+1445.4 
R2=0.9360 
Y=200.6X+33804.0 
R2=0.9075 
 
Y=274.4X+910.8 
R2=0.9864 
Y=179.4X+826.1 
R2=0.9196 
 
Y=397.5X+8.6 
R2=0.9883 
Y=219.6X+2396.9 
R2=0.9113 
 
Y=521.8X+92.2 
R2=0.9961 
Y=242.8X+1008.7 
R2=0.8915 
 
Y=350.7X+1485.9 
R2=0.9963 
Y=70.8X+4665.9 
R2=0.8713 
 
Y=360.0X+554.4 
R2=0.9981 
Y=71.4X+4344.5 
R2=0.8720 
 
Y=819.8X+2932.3 
R2=0.9903 
Y=31.9X+312.3 
R2=0.9033 
 
Y=773.2X+2559.6 
R2=0.9880 
Y=23.9X+410.5 
R2=0.9215 
Accuracy (%, N=3) 
Seawaters 
 
P. pollicipes 
 
101 ± 4 
 
86 ± 12 
 
89 ± 11 
 
105 ± 7 
 
88 ± 5 
 
97 ± 1 
 
89 ± 4 
 
111 ± 14 
 
96 ± 3 
 
103 ± 19 
 
88 ± 7 
 
110 ± 17 
 
99 ± 2 
 
97 ± 16 
 
101 ± 4 
 
100 ± 19 
Precision (%, N=10) 
Seawaters 
 
P. pollicipes 
 
20.0 
 
18.9 
 
4.1 
 
18.2 
 
7.4 
 
8.4 
 
3.9 
 
9.6 
 
8.9 
 
11.0 
 
8.7 
 
11.0 
 
12.0 
 
19.1 
 
10.7 
 
14.9 
Limits of detection (LD) 
Seawaters (ng/L) 
 
P. pollicipes (µg/kg, dry wt.) 
 
1.069 
 
0.002 
 
0.131 
 
0.011 
 
0.196 
 
0.018 
 
0.018 
 
0.004 
 
0.054 
 
0.047 
 
0.079 
 
0.011 
 
0.014 
 
0.061 
 
0.012 
 
0.017 
Limits of quantification (LQ) 
Seawaters (ng/L) 
 
P. pollicipes (µg/kg, dry wt.) 
 
3.527 
 
0.008 
 
0.433 
 
0.036 
 
0.648 
 
0.059 
 
0.061 
 
0.014 
 
0.179 
 
0.154 
 
0.262 
 
0.036 
 
0.047 
 
0.201 
 
0.039 
 
0.056 
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Table 2 – (Continuation) 
Validation Parameter 
Target PAH 
N Ace AcP F P A Fluo Py 
Response Factor (N=10) 
Seawaters 
 
P. pollicipes 
 
1.29 
 
1.53 
 
1.43 
 
1.12 
 
1.89 
 
1.45 
 
2.63 
 
1.56 
 
1.46 
 
1.27 
 
1.43 
 
1.27 
 
3.44 
 
0.45 
 
1.35 
 
0.36 
Method Suitability  
(% Recuperation, N=3) 
Spiked Seawaters 
 
NIST SRM 2977 
 
 
105.5 ± 0.5 
 
94.3 ± 10.0 
 
 
100.0 ± 0.3 
 
Not available 
 
 
92.5 ± 5.2 
 
102.9 ± 6.4 
 
 
93.9 ± 4.4 
 
103.4 ± 16.0 
 
 
99.0 ± 6.9 
 
83.5 ± 3.8 
 
 
81.5 ± 14.5 
 
88.3 ± 6.1 
 
 
97.0 ± 5.3 
 
94.7 ± 3.3 
 
 
104.8 ± 6.9 
 
88.0 ± 1.9 
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8.3. Results and discussion 
8.3.1. Coastal seawaters - Spatial and seasonal variations   
 
The Dissolved PAHs concentrations (N, Ace, AcP, F, P, A, Fluo and Py) in 
seawater of the NW coast of Portugal during the four sampling seasons of 2011 
are shown in Figure 3. 
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Figure 3 – PAHs concentrations (ng.L-1) in seawater of the 10 locations in each 
season of 2011. In each season, different letters shows significant spatial 
differences (p<0.05): increasing order of concentrations is A<B<C, etc. In each 
location, different numbers shows significant temporal differences (p<0.05): 
increasing order of concentrations is 1<2<3, etc. 
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Globally, the PAHs concentrations (ng.L
-1
) in seawaters ranged for N: 3.7-98.9; 
Ace: 0.24-5.02; AcP: 0.27-14.82; F: 0.35-3.29; P: 0.24-2.86;
 
A: 0.04-0.69; Fluo: 
0.34-1.90
 
and Py: 0.13-1.69.  
 
Regarding seasons, winter-spring showed the highest concentrations of Ace, P, 
A, Fluo, N and F and summer-autumn seasons obtained the lowest concentrations 
of all PAHs (except for Py).  
 
The PAHs concentrations of seawaters showed significant spatial variations 
(p<0.05) and they can be study using two different approaches: dependent and 
independent of seasons. Dependent of season, locations 4-6 (“Leça da Palmeira”-
“Vila do Conde”) are the areas with more cases of maximum concentrations: 
location 4 for AcP, F, P, A and Fluo in winter and for Ace, A, Fluo and Py in 
autumn; location 5 for Ace, F, A, Fluo and Py in spring, for F and Fluo in summer 
and for AcP, F and P in autumn and location 6 for Py in winter and P, A and Py in 
autumn. The remaining locations showed their highest concentrations in: location 
1 for Ace in winter; location 2 for AcP and P in spring; locations 3 and 7 for N in, 
respectively, autumn and winter; location 8 for Ace and AcP in summer and 
location 10 for N in spring and summer. Independent of season, the highest 
concentrations were obtained in: locations 1 and 10, respectively, for Ace and N; 
location 4 for P, A, Fluo and Py and location 5 for AcP and F. Indeed, these 
approaches showed that the highest concentrations of all target PAHs can be 
restricted to locations 4 and 5 (“Leça da Palmeira”-“Cabo do Mundo”), except for N 
and Ace. These high PAHs concentrations in coastal seawaters of locations 4 and 
5 can be associated to the Petrogal oil refinery of Porto metropolitan area.  
 
The PAHs concentrations of seawaters showed significant seasonal variations 
(p<0.05) and they were also studied using the two previous approaches. 
Independent of location, PAHs concentrations were not season dependent and 
followed different increasing orders in each season: (i) winter: A < [F ~ Fluo ~ Py] 
< [Ace ~ P] < AcP < N; (ii) spring: [A ~ Py] < [P ~ Fluo] < F < Ace < AcP < N ; (iii) 
summer: A < [F ~ P ~ Fluo ~ Py] < [Ace ~ AcP] < N and (iv) autumn: A < [P ~ Fluo ~ 
Py] < [Ace ~ F] < AcP < N.  In all seasons, A was always the lowest concentrated 
PAH of seawaters and N and AcP were the highest. Thus, the larger variations of 
PAHs concentrations are due their location and PAH type, rather than season. 
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Dependent of location, the spring-summer seasons showed minimum 
concentrations of AcP, F, P, A, Fluo and Py in all locations (except locations 2, 6, 8 
and 10 for AcP; locations 3, 6 and 10 for F; locations 7, 8 and 10 for P; locations 
6 and 7 for A; locations 2, 5, 8 and 10 for Fluo and location 8 for Py) and 
maximum concentrations for N (except locations 3, 4 and 6). Contrary, the 
winter-autumn seasons showed minimum concentrations for N in all locations 
(except locations 5-7) and maximum concentrations for AcP, F, P, A, Fluo and Py 
(except location 5 for F; location 10 for P; locations 5 and 7 for A; locations 2, 5 
and 10 for Fluo and locations 7, 9 and 10 for Py). 
 
8.3.2. Goose barnacle soft tissues 
8.3.2.1. Spatial and seasonal variations   
 
The total PAHs concentrations (N, Ace, AcP, F, P, A, Fluo and Py) accumulated 
in soft tissues of P. pollicipes from the NW coast of Portugal, during the four 
seasons of 2011, are shown in Figure 4. 
 
Globally, the PAHs concentrations (µg.kg
-1
, dry wt.) ranges were N: 0.10 – 1.79; 
Ace: 0.07 – 2.03; AcP: 0.78 – 5.63; F: 0.08 – 3.34; P: 0.24 – 16.03; A: 0.24 – 
15.47; Fluo: 0.26 – 26.42 and Py: 0.28 – 10.56. 
 
The concentrations of PAHs showed significant spatial variations (p<0.05) 
along the NW coast of Portugal during the four seasons of 2011. These spatial 
variations were analyzed through two diferent perspectives: dependent and 
independent of season. Depending on season, the highest concentrations of PAHs 
with exception of AcP, occurred in winter and all on location 1. In spring, the 
highest concentrations were observed for AcP in various locations and Fluo in 
location 5. Other PAHs such as N and Ace had larger concentrations in some 
groups of locations (8, 9, 10) and (4, 5, 6), respectively. In summer, only AcP 
registered high concentration in location 8 and Py showed concentrations of 
approximately 2 g.kg-1, that kept fairly constant along the locations. During 
autumn, N was high in a group of locations (3, 4, 5); AcP in most of locations; P 
and A in locations (4, 5) and lower in locations (8, 9, 10), but it was Py that 
exhibited high concentrations in most locations. Independent of season, the 
lowest concentrations were obtained in: locations 2, 4, 6 and 9, respectively, for 
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Py, Ace, N and P; location 7 for AcP and F and location 8 for P, A and Fluo. On the 
contrary, location 1 showed the highest concentrations of all target PAHs, except 
AcP that was highest in location 2. 
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Figure 4 – PAHs concentrations (µg.kg-1, dry wt.) in soft tissues of Pollicipes 
pollicipes on the 10 locations in each season. Different letters show significant 
spatial differences (p<0.05): increasing order of concentrations is A<B<C, etc.; In 
each location, different numbers shows significant temporal differences (p<0.05): 
increasing order of concentrations is 1<2<3, etc. 
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Significant seasonal variations (p<0.05) of PAHs concentrations were also 
obtained along the NW coast of Portugal during the four seasons of 2011. The 
analyses under the same two previous perspectives showed that: (A) Independent 
of location, the mean PAHs concentrations in P. pollicipes followed the orders in 
each season: (i) winter: [N ~ Ace] < F < AcP < Py < [P ~ A] < Fluo; (ii) spring:[ N ~ 
Ace] < [F ~ P ~ A ~ Py] < Fluo < AcP ; (iii) summer: [N ~ Ace ~ F] < [P ~ A] < Fluo < 
Py < AcP and (iv) autumn: [N ~ Ace ~ F] < [P ~ A] < Fluo < AcP < Py. Similarly to 
seawaters, the concentrations of PAHs accumulated in P. pollicipes were not 
seasonaly dependent. N and Ace showed similar and the lowest concentrations in 
all seasons. The three PAHs most abundant in goose barnacle tissues were Fluo, 
AcP and Py, that swaped places in terms of relative concentration during the three 
seasons spring to autumn. In winter, this pattern was altered due to the increase 
of P and A, suggesting that an external event must had taken place as supported 
by the increased concentrations of P and A in seawater in locations (4, 6). (B) 
Dependent of location, the spring-summer seasons showed minimum mean 
concentrations for all target PAHs in all locations of NW coast of Portugal (except 
locations 2 and 9 for AcP; location 3 for Ace and AcP; location 4 for Ace, AcP and 
Py; location 5 for AcP and Py; location 6 for AcP and F; location 8 for Ace, AcP and 
F and location 10 for N and AcP). The winter-autumn seasons showed maximum 
mean concentrations for all target PAHs in P. pollicipes in all locations of NW 
coast of Portugal (except location 2 for Ace, AcP and P; location 3 and 7, 
respectively, for Ace and Py; location 4 for Ace and AcP; location 5 for Ace, AcP 
and F and Fluo; location 6 for Ace and F, locations 8 and 10 for N, Ace, AcP and 
Py and location 9 for N, Ace and AcP). 
 
8.3.2.2. Correlations between PAHs concentrations in seawaters and P. 
pollicipes soft tissues 
 
The correlations between the concentrations of PAHs in coastal seawaters and 
P. pollicipes soft tissues of each season of 2011 were performed by linear 
regression models shown in Table 3.  
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Table 3 - Correlations between PAHs concentrations in coastal seawaters (ng.L
-1
) and Pollicipes pollicipes soft tissues (µg.kg
-1
, dry 
wt.) performed by linear regression models: Y [Pollicipes pollicipes tissue] = a.X [coastal seawater] + b.  
 
Linear regression model: Y=a.X+b 
Winter Spring Summer Autumn 
Element a b R2 A b R2 a b R2 a b R2 
N 0.0318 0.0789 0.8328** 0.0034 0.0482 0.7214** 0.0063 0.1056 0.7762** 0.0059 0.1969 0.8181** 
Ace 0.4247 -0.2296 0.9318** 0.2663 -0.0258 0.8372** 0.1418 0.0655 0.8674** 0.0665 0.1116 0.9755** 
AcP 0.2049 0.9456 0.5943* 1.3046 -0.1816 0.9789** 0.7243 1.1819 0.9197** 0.2259 1.1588 0.9162** 
F 0.4888 0.0773 0.7594** 0.7041 -0.1928 0.9813** 0.6298 -0.2359 0.9117** 0.3250 -0.1669 0.9726** 
P 0.4509 0.5912 0.8410** 1.3105 -0.3487 0.9273** 1.2708 -0.4993 0.7766** 1.4132 0.3553 0.9262** 
A 1.7956 0.6338 0.7616** 3.3736 -0.0444 0.8462** 3.8279 0.1153 0.8413** 7.1139 0.3120 0.9064** 
Fluo 1.6705 1.1344 0.8660** 1.4945 -0.2605 0.9635** 1.3938 0.0773 0.8921** 1.7553 0.5677 0.9491** 
Py 1.3368 -0.2224 0.7299* 2.6126 0.1015 0.9165** 2.0292 0.7669 0.7542** 6.7232 -1.5756 0.9746** 
*p<0.05: significant correlations.  
**p<0.001: very significant correlations. 
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During all seasons of 2011, there were significant positive correlations for all 
PAHs (p<0.05, R
2
>0.5943) between their concentrations in seawater and in P. 
pollicipes. However, it should be stated that some locations were considered 
outliers on the linear regression models by the SPSS software (PAHs 
concentrations that changed linear correlation coefficients (R) more than 0.1) and 
were not used in these studies (Reis et al., 2009, 2012a,b). In agreement with 
Reis et al. (2012a,b), these significant correlations allowed to conclude that 
dissolved PAHs concentrations in seawater describe well the metabolic processes 
of PAHs accumulation by P. pollicipes. Thus, PAHs concentrations of seawaters 
give good estimates of the bioavailable PAHs fractions of each location. This work 
clearly shows that P. pollicipes is an adequate biomonitor species of PAHs 
availabilities in coastal seawaters from the NW coast of Portugal during all year.  
Despite the positive correlations between PAHs in seawater and in the goose 
barnacle tissues the relative accumulation of PAHs does not follow the order 
observed in the seawater as demonstrated by the accumulation rates provided by 
the regression slopes of each PAH. The highest accumulation rates occurred for 
A, Py, Fluo and P, although their concentrations in seawater were the lowest such 
as A. On the other hand, the highest concentrations of PAHs in seawater such as 
N were the least in the barnacles with the exception of AcP, that reflected the 
concentrations in seawater. Therefore looking at PAH concentrations in the 
seawater does not indicate how much it will be found in the organisms and vice-
versa. 
 
On other hand, the efficiency of PAHs accumulation by goose barnacles can be 
assessed calculating their Bioaccumulation Factors (BAFs) (Morillo et al., 2005; 
Reis et al., 2012a,b). The log BAF values (basis 10) were calculated as log 
transformed ratio between PAHs concentrations in P. pollicipes soft tissues (µg.kg
-
1
, dry wt.) and coastal seawaters (ng.L
-1
). The mean log BAF values of each PAH are 
shown in Table 4 and they followed the increasing orders during the four 
seasons: (i) winter: N < Ace < F < [AcP ~ P ~ Py] < Fluo < A; (ii) spring: N < Ace < F 
< P < [AcP ~ Fluo] < Py < A; (iii) summer: N < Ace < F < P < [AcP ~ Fluo] < Py < A; 
(iv) autumn: N < [Ace ~ F] < AcP < [P ~ Fluo] < Py < A. P. pollicipes showed higher 
BAFs for A, Py and Fluo than for the remaining PAHs, suggesting differences in 
metabolic rates of PAHs. On the contrary, N being the simplest and volatile PAH 
may be easily metabolised resulting in low accumulation. 
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Table 4 – Mean PAHs bioaccumulation factors (log BAF) in soft tissues of 
Pollicipes pollicipes in each season of 2011. 
Season 2011 
Mean log BAF values in soft tissues of P. pollicipes of NW coast of Portugal 
N Ace AcP F P A Fluo Py 
Winter 1.63 ± 0.08 2.28 ± 0.30 2.97 ± 0.36 2.73 ± 0.30 3.00 ± 0.13 3.69 ± 0.20 3.50 ± 0.11 3.00 ± 0.09 
Spring 0.67 ± 0.21 2.37 ± 0.15 3.08 ± 0.04 2.65 ± 0.12 2.86 ± 0.13 3.49 ± 0.12 3.03 ± 0.06 3.32 ± 0.06 
Summer 1.25 ± 0.23 2.31 ± 0.16 3.22 ± 0.19 2.48 ± 0.16 2.78 ± 0.13 3.69 ± 0.09 3.19 ± 0.07 3.46 ± 0.03 
Autumn 1.15 ± 0.22 2.23 ± 0.28 2.61 ± 0.18 2.33 ± 0.12 3.30 ± 0.07 3.96 ± 0.05 3.41 ± 0.05 3.66 ± 0.09 
 
2011 
(Annual) 
1.18 ± 0.39 2.30 ± 0.23 2.97 ± 0.32 2.54 ± 0.24 2.99 ± 0.23 3.71 ± 0.21 3.28 ± 0.19 3.38 ± 0.25 
 
8.3.3 Ecological quality of the coastal seawaters  
 
The ecological quality of coastal seawater can be assessed using the PAHs 
concentrations in seawater and in the biomonitor species. The Norwegian 
Pollution Control Authority guidelines (SFT TA-2229/2007) set five classes of 
seawater quality based on the dissolved PAHs concentrations and the OSPAR 
convention for the Protection of the Marine Environment of the North-East Atlantic 
established guidelines for PAHs concentrations in shellfish (mussels and oysters – 
OSPAR 461/2009), that have been used in this work to classify the ecological 
quality of seawater of the NW coast of Portugal (Table 4, Chapter 7)  
 
Regarding dissolved PAHs concentrations in seawater, all sampled locations of 
the NW coast of Portugal can be classified as “Class II - Good” during the four 
seasons of 2011 (SFT, 2007). Comparing the seawater quality in terms of PAH 
pollution and metal pollution, metals seem to be of more concern since the same 
locations fell in “Class IV - Bad” (Reis et al, 2012a,b). Regarding total PAHs 
concentrations bioaccumulated by P. pollicipes, all coastal seawater can also be 
classified as “Class II – Natural Background Concentrations” during the four 
seasons of 2011, except location 1 in winter (“Class III – Environmental 
Concentrations”) (OSPAR, 2009). These results suggest that the NW coast of 
Portugal was not exposed to significant PAHs contamination during the four 
seasons of 2011. 
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In addition the classification attributed to the seawater in 2009-2010 based on 
metals in both barnacle species (“Class II/IV – Moderately/Highly Polluted”) was 
improved in 2011 The NW coast of Portugal was classified, based on metal 
concentrations accumulated by acorn barnacles C. montagui and goose barnacles 
Pollicipes pollicipes, as “Class II/IV – Moderately/Highly Polluted” in 2009-2010 
(Reis et al., 2012a,b). Thus, these PAHs ecological quality classifications of 2011 
are much better.  
 
Although OSPAR guidelines for PAHs in shellfish (mussels and oysters) have 
been used to classify the ecological quality of Portuguese Coastal Waters, the use 
of a different biomonitor species (goose barnacles P. pollicipes) must be taken 
into account and adaptations to these guidelines should be applied in the future.  
 
8.4. Conclusions 
 
Simple, fast and economic SPME-GC-MS methods were developed and validated 
for the determination of eight US EPA prioritary PAHs (N, Ace, AcP, F, P, A, Fluo 
and Py) in coastal seawaters and soft tissues of goose barnacles P. pollicipes. This 
work showed that P. pollicipes is an adequate species to assess spatial and 
seasonal variations of PAHs availabilities in the NW coast of Portugal during the 
four seasons of the year, since there were always significant (p<0.05) or very 
significant (p<0.01) positive correlations  between all PAHs concentrations in 
seawaters and P. pollicipes. Significant spatial and seasonal variations (p<0.05) of 
PAHs concentrations in seawaters and P. pollicipes were also obtained along the 
NW coast of Portugal. The mean log BAF values of each target PAH followed 
different increasing orders during the four seasons of 2011: (i) winter: N < Ace < 
F < [AcP ~ P ~ Py] < Fluo < A; (ii) spring: N < Ace < F < P < [AcP ~ Fluo] < Py < A; 
(iii) summer: N < Ace < F < P < [AcP ~ Fluo] < Py < A; (iv) autumn: N < [Ace ~ F] < 
AcP < [P ~ Fluo] < Py < A. Thus, P. pollicipes accumulated more A and Py, than 
other PAHs, reflecting higher sensitivity to these PAHs. Contrary, the lowest mean 
log BAF values were obtained for N and Ace, probably due P. pollicipes 
physiological ability to regulate/eliminate them. In terms of ecological quality 
classification based on PAHs concentrations in seawaters and P. pollicipes, the NW 
coast of Portugal can be classified as “Class II – Good/ Natural Background 
Concentrations” during the four seasons of 2011, except location 1 in winter 
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(“Class III – Environmental Concentrations”). These results showed that the NW 
coast of Portugal was not exposed to significant PAHs contamination during the 
four seasons of 2011. 
 
This work intends to reduce the lack of data on PAHs concentrations in 
seawaters and goose barnacles P. pollicipes from the NW coast of Portugal. This 
data will set a useful reference database for comparison purposes in future 
works. However, further research trends should include a more complete PAHs 
monitoring program, i.e. the remaining eight EPA prioritary PAHs, of higher 
molecular weight and number of benzene rings (benz[a]anthracene, chrysene, 
benzo[b]fluoranthene,benzo[k]fluoranthene,benzo[a]pyrene, ibenz[ah]anthracene, 
benzo[ghi]perylene and indeno[1,2,3-cd]pyrene), add other marine species and 
extend the study to the whole Portuguese coast. 
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9.1 General discussion 
9.1.1 Metals 
 
The general discussion about the use of barnacles as biomonitors of metal 
contamination in the northwest (NW) coast of Portugal will be divided in two main 
parts: coastal seawaters and biomonitors (Chthamalus montagui and Pollicipes 
pollicipes). 
 
9.1.1.1 Coastal seawaters 
 
The first and large sampling survey that was carried out in summer 2009 and 
included 22 different locations allowed to recognize the range of metal 
concentrations to be analysed and the presence/absence of both biomonitors 
species. In consequence, only 12 sampling locations were selected to sample in 
summer 2010 (Reis et al., 2012b) and for the seasonal sampling (winter, spring, 
summer and autumn 2011), only 10 sampling locations remained with consistent 
and abundant populations of C. montagui and P. pollicipes and are the ones 
shown in Figure 1. 
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Fig. 1 Geographical distribution of the 10 sampling locations along the northwest coast of Portugal. 
 
 
1 –  Paramos 
2 –  Foz 
3-   Castelo do Queijo 
4-    Leça da Palmeira 
5 –  Cabo do Mundo 
6 –  Vila do Conde 
7 –   Fão-Ofir 
8 –   Viana do Castelo 
9 –   Forte do Paçô 
10 – Moledo 
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9.1.1.1.1 Spatial variations of metals 
 
The dissolved metal concentrations (Cd, Cr, Cu, Fe, Mn and Zn) obtained 
along the 10 sampling locations of the NW coast of Portugal during the different 
years and seasons are shown Chapter 3: Table 3; Chapter 4: Table 2; Chapter 5: 
Figure 2 and Chapter 6: Figure 2. 
 
The dissolved metal fractions are considered representative of the 
environmental metal available to C. montagui and P. pollicipes from the NW coast 
of Portugal Reis et al., 2012a,b). 
 
Significant spatial variations (p<0.05) on metal concentrations of coastal 
seawaters were obtained during the different years and seasons.  
 
Independent of season and location, the mean dissolved metal concentrations 
in seawaters ranged: (1) Cd: 0.7-130 ng.L
-1
; (2) Cr: 10-274 ng.L
-1
; (3) Cu: 69-1819 
ng.L
-1
; (4) Fe: 468-11443 ng.L
-1
; (5) Mn: 77-5727 ng.L
-1
 and (6) Zn: 2889-56953 
ng.L
-1
. 
 
Independent of season: locations 2, 5, 9 and 10 showed the lowest 
concentrations of, respectively, Zn, Cd, Cu and Cr/Fe/Mn and locations 1, 2, 4, 5, 
and 6 showed the highest concentrations of, respectively, Cu, Cd, Cr, Zn and 
Fe/Mn. 
 
Overall, independent of season, locations 1-6 (“Paramos”-“Vila do Conde”) 
showed the highest metal concentrations of this work. These locations are 
associated with metropolitan areas such as “Porto” and “Vila do Conde” with a 
large number of inhabitants, producing large amounts of domestic and industrial 
effluents that cause higher metal availabilities of these seawaters. On the 
contrary, the seawaters of locations 9 and 10 (“Forte do Paçô” – “Moledo”) showed 
the lowest Cu, Cr, Fe and Mn concentrations, revealing lower metal availabilities 
in these waters. These locations have low population densities and have scarce 
industry. 
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9.1.1.1.2 Seasonal variations of metals 
 
Significant seasonal variations of metal availabilities (p<0.05) were also 
obtained along the NW coast of Portugal during the different seasons and years.  
 
During the different seasons, Cd and Cr can be considered vestigial elements 
and Fe, Mn and Zn macro-elements of seaweaters.  
 
These independent-location and dependent–location studies showed that 
mean metal concentrations in seawaters followed no consistent seasonal pattern 
during the different sampled seasons of 2009-2011 and their significant seasonal 
variations were more dependent of the characteristics of each location and of 
each metal. 
 
9.1.1.1.3 Ecological quality of coastal seawaters based on metal 
concentrations in seawaters 
 
The Norwegian Pollution Control Authority (NPCA) guidelines for metals in 
seawaters (SFT TA-2229/2007) and in blue mussel Mytilus edulis soft tissues (SFT 
TA-1467/1997) were applied to the seawaters from the NW coast of Portugal 
bearing in mind the significant differences between the abiotic characteristics of 
Portuguese and Norueguese seawaters, such as local estuarine freshwater inputs, 
regional seawater circulation and lower depths of Portuguese seawater (Chapter 
4: Table 3; Chapter 5: Table 1; SFT, 2007; Molvaer et al., 1997). 
 
Regarding Cd and Cr concentrations in coastal seawaters, the classification 
between 2009-2011 was “Class I/II – Background Level/Good”; but due to high Cu 
and/or Zn concentrations classification was “Class IV – Bad” in most locations and 
“Class III-Moderate” in few locations (Table 1). However when the Zn 
concentrations are compared along the years there are clear indications of a 
decrease of Zn contamination in Portuguese seawater: 51374 ng.L
-1 
(summer 
2009) > 24874 ng.L
-1
 (summer 2010) > 8230 ng.L
-1
 (summer 2011). 
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Table 1. Ecological Quality Classification of seawaters of the 10 locations from 
the NW coast of Portugal, during the different sampled seasons of 2009-2011. 
Final ecological quality class (by responsible metal) 
(SFT TA-2229) 
Location 
Summer 
2009 
Summer 
2010 
Winter 
2011 
Spring 
2011 
Summer 
2011 
Autumn 
2011 
1 IV (Zn) IV (Zn) IV (Cu/Zn) IV (Zn) IV (Zn) IV (Zn) 
2 IV (Zn) IV (Zn) IV (Cu) IV (Zn) IV (Zn) IV (Zn) 
3 IV (Cu/Zn) IV (Zn) IV (Cu/Zn) IV (Zn) IV (Zn) IV (Zn) 
4 IV (Zn) IV (Zn) IV (Cu) IV (Zn) IV (Zn) IV (Zn) 
5 IV (Zn) IV (Zn) IV (Cu/Zn) IV (Zn) IV (Zn) IV (Zn) 
6 IV (Zn) IV (Zn) IV (Cu/Zn) IV (Zn) IV (Zn) IV (Zn) 
7 IV (Zn) IV (Zn) III (Zn) IV (Zn) III (Zn) IV (Zn) 
8 IV (Zn) IV (Zn) IV (Cu/Zn) IV (Zn) IV (Zn) IV (Zn) 
9 IV (Zn) IV (Zn) IV (Cu/Zn) IV (Zn) IV (Zn) IV (Zn) 
10 IV (Zn) IV (Zn) III (Zn) IV (Zn) IV (Zn) IV (Cu/Zn) 
 
9.1.1.2 Biomonitors 
 
Acorn barnacles C. montagui and goose barnacles P. pollicipes were dissected 
and their soft tissues separated from shell plates (Reis et al., 2012a,b). Total 
metal concentrations were determined in each of these types of tissues. However, 
Reis et al (2012a,b) concluded that shell plates of C. montagui and P. pollicipes 
were not good material to monitor metal bioavailability in Portuguese coastal 
seawaters because significant correlations between concentrations of metals in 
the seawater and in shell plates could not be found. Thus, this part of general 
discussion will only use the data relative to metals in soft tissues of both barnacle 
species. 
 
9.1.1.2.1 Spatial variations of metals 
 
The mean total metal concentrations (Cd, Cr, Cu, Fe, Mn and Zn) obtained in 
soft tissues of C. montagui and P. pollicipes along the 10 sampling locations of 
the NW coast of Portugal during the different years and seasons are shown in 
Chapter 3: Table 4; Chapter 4: Table 4; Chapter 5: Figure 3 and Chapter 6: Figure 
3. 
 
Independent of season and location, the mean total metal concentrations 
(mg.kg
-1
, dry wt.) in C. montagui ranged: (1) Cd: 0.39-1.98; (2) Cr: 0.45-3.13; (3) 
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Cu: 0.93-6.7; (4) Fe: 135-785; (5) Mn: 2.2-26 and (6) Zn: 119-782 and in P. 
pollicipes ranged: (1) Cd: 0.35-3.75; (2) Cr: 0.25-1.79; (3) Cu: 0.76-6.09; (4) Fe: 
55-614; (5) Mn: 2.89-59 and (6) Zn: 413-1798. The relative abundance of metals 
in the tissues along the coast was: (i) Cd<Cr<Cu<Mn<Fe~Zn for C. montagui and 
(ii) Cr~Cd<Cu<Mn<Fe<Zn for P. pollicipes.                 
 
Significant spatial variations (p<0.05) on metal concentrations accumulated in 
soft tissues of C. montagui and P. pollicipes were obtained during the different 
years and seasons. These spatial variations were study using the same two 
approaches: dependent or independent of season. Dependent of season:  
(i) location 1: only P. pollicipes showed lowest concentrations for Cd, Cr, Cu 
and Mn in summer 2010, of Cd and Fe in winter 2011and of Cd and Mn in 
spring 2011. But some highest concentrations were obtained for C. 
montagui for Cu, Fe and Mn in winter 2011 and for Fe in spring 2011. For 
P. pollicipes, this location also showed the highest concentration of Cu in 
winter 2011 and of Mn in autumn 2011; 
(ii) location 2: only P. pollicipes showed lowest concentrations for Zn in winter 
2011 and autumn 2011. This location also showed the highest 
concentration of Cd in C. montagui (in summer 2009 and winter 2011) and 
in P. pollicipes (in winter 2011); 
(iii) location 3: again, only P. pollicipes showed lowest concentrations for Cd (in 
autumn 2011) and Cr (summer 2011 and autumn 2011). In this location, C. 
montagui showed the highest concentration of Cr and Fe (in summer 
2009), Mn (in summer 2011) and Zn (in winter 2011). P. pollicipes obtained 
the highest concentrations for Mn (in summer 2010) and for Zn (in winter 
2011 and summer 2011); 
(iv) location 4: in this case only C. montagui showed a lowest concentration for 
Cd (in spring 2011). In this location, the highest concentrations of Cu (in 
summer 2009), Mn (in summer 2011) and Zn (in summer 2011) were 
obtained for C. montagui. For P. pollicipes, Cd and Mn showed the highest 
concentrations, respectively, in summer 2010 and in spring 2011; 
(v) location 5: only C. montagui showed lowest or highest concentrations. The 
lowest concentrations were obtained for Cd (in summer 2009) and Cr (in 
autumn 2011). The highest concentrations were of Cu and Mn (in spring 
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2011 and autumn 2011), Fe (in autumn 2011) and Zn (in summer 2009 
and spring 2011); 
(vi) location 6: C. montagui obtained the lowest concentrations of Cr (in winter 
2011 and summer 2011), Cu (in autumn 2011), Fe (in spring 2011 and 
summer 2011) and Mn (in winter 2011, spring 2011 and summer 2011) 
and the highest concentration of Zn (autumn 2011). On other hand, P. 
pollicipes showed the lowest concentrations of Cu in summer 2010 and of 
Fe and Mn in autumn 2011. In this location, P. pollicipes bioaccumulated 
the highest concentrations of Cd (in summer 2011), Cr (in spring 2011 and 
summer 2011), Cu (in spring 2011) and Zn (in summer 2010 and spring 
2011); 
(vii) location 7: both barnacle species showed extreme (minimum or maximum) 
concentrations. C. montagui obtained the lowest concentrations of Cd (in 
winter 2011, summer 2011 and autumn 2011), Cr (spring 2011), Cu 
(summer 2009) and Zn (summer 2009, winter 2011 and summer 2011). P. 
pollicipes showed the lowest concentrations of Cu and Mn, respectively, in 
spring 2011 and winter 2011. In this location, C. montagui only show the 
highest Cr concentration in winter 2011. However, P. pollicipes showed the 
highest concentration of Cd (in autumn 2011), Cu (summer 2010 and 
autumn 2011), Fe (summer 2011 and autumn 2011) and Zn (autumn 
2011); 
(viii) location 8: none of the two barnacle species showed minimum 
concentrations in this location. C. montagui showed the highest 
concentrations of Cd (in autumn 2011), Cr (summer 2011 and autumn 
2011), Fe (summer 2011) and Mn (winter 2011) and P. pollicipes showed 
the highest concentrations of Cr (autumn 2011), Cu (spring 2011) and Mn 
(summer 2011); 
(ix) location 9: acorn barnacle C. montagui showed the lowest concentrations 
of Cu (summer 2011), Fe (autumn 2011) and Mn (summer 2009 and 
autumn 2011) and goose barnacle P. pollicipes had the lowest 
concentrations of Cu (in summer 2010, summer 2011 and autumn 2011). 
The highest concentrations were obtained for Cr in C. montagui (in spring 
2011) and for Cr (in summer 2010 and winter 2011), Fe (in summer 2010, 
winter 2011 and spring 2011) and Mn (in winter 2011) in P. pollicipes; 
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(x)  location 10: acorn barnacle C. montagui showed the lowest concentrations 
of Cr (in summer 2009), Cu (in winter 2011 and spring 2011), Fe (in 
summer 2009 and winter 2011) and Zn (in spring 2011 and autumn 2011). 
P. pollicipes showed the lowest concentrations of Cd (in summer 2011 and 
autumn 2011), Cr (in winter 2011 and spring 2011), Cu (in winter 2011), 
Fe (in spring 2009, spring 2011 and summer 2011), Mn (in summer 2011) 
and Zn (in summer 2010, spring 2011, summer 2011 and autumn 2011). 
In this location only C. montagui showed maximum concentrations for Cd 
(in spring 2011 and summer 2011) and Mn (in summer 2009). 
 
This dependent-season study of metal concentrations bioaccumulated by 
both barnacle species cleary shows the great spatial variation along the NW coast 
of Portugal.  
 
Independent of season:  
(i) Location 1: showed the lowest Cd concentration bioaccumulated by P. 
pollicipes; 
(ii) Location 2: showed the highest Cd concentrations bioaccumulated by C. 
montagui and P. pollicipes and the lowest Zn in P. pollicipes; 
(iii) Location 3: showed the highest concentrations of Fe and Mn, respectively, 
in C. montagui and P. pollicipes; 
(iv) Location 4: C. montagui bioaccumulated the lowest Cd and the highest Cu 
concentrations in this location; 
(v) Location 5: no extreme concentration was obtained in this location by none 
of the barnacle species; 
(vi) Location 6: both C. montagui and P. pollicipes showed their highest Zn 
concentrations in this location. C. montagui also showed their lowest Cr, Fe 
and Mn concentrations and P. pollicipes obtained their highest Cr and Cu 
concentrations; 
(vii) Location 7: C. montagui showed their lowest and highest concentrations, 
respectively, of Zn and Cr and P. pollicipes obtained their lowest Mn 
concentration; 
(viii) Location 8: as location 5, no extreme concentration was registed in this 
location by none of bothe barnacle species; 
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(ix) Location 9: both C. montagui and P. pollicipes showed their lowest Cu 
concentrations in this location. P. pollicipes also showed their highest Fe 
concentration; 
(x) Location 10: C. montagui showed their highest Mn concentration and P. 
pollicipes obtained their lowest Cr and Fe concentrations in this location. 
 
Overall, independent of season, no spatial patern can be cleary defined in 
none of these two barnacle species. In one particular location (i.e, location 6) 
minimum and maximum concentrations of different metals can be obtained 
simultaneously. This fact happens with both barnacle species, and as a result the 
same location can have extreme classifications based on the extreme 
concentrations of the different metals.  
 
9.1.1.2.2 Seasonal variations of metals 
 
Significant seasonal variations (p<0.05) on metal concentrations accumulated 
in soft tissues of C. montagui and P. pollicipes were obtained during the different 
years and seasons. These seasonal variations were also study using the same two 
approaches: independent or dependent of location.  
 
Independent of location, both acorn barnacle C. montagui and goose barnacle 
P. pollicipes showed similarities of the metal distribution in tissues.  
 
Metal concentrations in C. montagui followed two different orders: (i) summer 
2009 and autumn 2011: Cd < Cr < Cu < Mn < Fe < Zn and (ii) winter, spring and 
summer 2011: Cr < Cd < Cu < Mn < Zn < Fe. 
 
Metal concentrations in P. pollicipes followed the same order during the 
different years and seasons: Cr < Cd < Cu < Mn < Fe < Zn. 
 
Thus, C. montagui and P. pollicipes have slightly different patterns of metal 
accumulation in their soft tissues in different seasons. Cd and Cr swap positions 
on the metal relative abundance of C. montagui during seasons and the same 
happens between Fe and Zn. P. pollicipes however showed a constant pattern of 
relative concentrations of metals. These variations in C. montagui with season 
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may be related to the habitat it lives on the coastal zone. P. pollicipes occupies 
the subtidal zone where environmental conditions are more stable with almost 
permanent submersion and constant exposure to contaminants while C. 
montagui, occupying the intertidal zone, faces large changes of environmental 
conditions during tides and the exposure to dissolved contaminants will not be 
continuous.  
 
 Nevertheless, a common feature seems to be clear relative to the 
concentrations of metals that both species show in their tissues. Cd and Cr are 
the low level metals, Fe and Zn the high level metals and Cu and Mn are 
intermediate.  
 
Again, no seasonal distribution pattern can be clearly defined for any metal, 
but these seasonal variations independent of location revealed that C. montagui 
can bioaccumulate higher Cd and Zn concentrations and P. pollicipes higher Cr 
and Fe concentrations during all seasons. The distributions of Cu and Mn 
accumulated in the tissues of both barnacle species showed no seasonal patterns, 
which seems to be dependent on coastal seawater availability of each location. 
 
As in seawaters, the studies independent and dependent on location showed 
that metal concentrations accumulated by C. montagui and P. pollicipes did not 
follow consistent patterns during the different seasons of 2009-2011. These 
significant seasonal variations (p<0.05) were more dependent of the available 
metal concentration in each location. 
 
9.1.1.2.3 Correlation between coastal seawaters and biomonitors 
 
The correlations between metal concentrations in coastal seawaters and soft 
tissues of C. montagui and P. pollicipes for each season were significant positive 
correlations (p<0.05, R
2
>0.4955) for all metals (except Zn in summer 2010: 
p>0.05, R
2
=0.3412), suggesting that dissolved metals in seawater could correctly 
describe the metals bioaccumulation by C. montagui and P. pollicipes during all 
seasons (shown in Chapter 3: Figure 2; Chapter 4: Table 5; Chapter 5: Table 2 
and Chapter 6: Table 1). 
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Thus, both C. montagui and P. pollicipes could be used as biomonitors of 
metal availabilities along the NW coast of Portugal during the different seasons. 
 
The accumulation rate of each metal i.e. the amount of metal accumulated in 
tissues per nanogram of metal in seawater can be compared through the slopes 
of the regression lines. 
 
The regression line slopes (mg metal.kg
-1
 of soft tissue /ng of metal.L
-1
 of 
coastal seawater.) of each metal in C. montagui and P. pollicipes varied 
significantly (p<0.05) along the seasons but revealed that both C. montagui and 
P. pollicipes had the highest accumulation rates of Fe and the lowest of Cu and 
Mn during all sampled seasons. 
 
The comparisons of regression line slopes can also show that acorn barnacle 
C. montagui accumulated more Fe and Cr than goose barnacle P. pollicipes and P. 
pollicipes accumulated more Cd than C. montagui. Accumulation rates of Mn and 
Zn were similar in both barnacle species. 
 
9.1.1.2.4 Bioaccumulation Factors (BAFs) 
 
A similar approach to assess the efficiency of metal accumulation by C. 
montagui and P. pollicipes along the NW coast of Portugal during the different 
years and seasons (Reis et al., 2012a,b) was to calculate Metal Bioaccumulation 
Factors (BAFs) for each barnacle species, as the ratio between metal concentration 
in the biomonitor soft tissues (mg.kg
-1
, dry wt.) and in coastal seawaters (ng.L
-1
) 
for each location and season expressed as 10
6
x L kg
-1
 (Reis et al., 2012a,b).  
 
The mean log BAFs values (basis 10) in C. montagui and P. pollicipes are 
shown in Table 2 and were significantly different (p<0.05) during the different 
seasons. 
 
The decreasing order of log BAFs in C. montagui was Fe, Cd and Cr and in P. 
pollicipes was Fe, Cd and Zn. However, the mean log BAF of Fe along the seasons 
in C. montagui was higher (5.40) than in P. pollicipes (5.15) and opposingly the 
mean log BAF of Cd was higher in P. pollicipes (5.09) than in C. montagui (4.85). 
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Therefore, C. montagui seems to be a good bioaccumulator of Fe and Cr (4.63) 
whereas P. pollicipes accumulates preferencially Cd and Zn (4,85) and Fe at lower 
rate than C.montagui. 
 
In future metal biomonitoring works, if we have to select the best season to 
collect both barnacle species, global mean BAFs showed that spring is the best 
season (higher accumulation efficiencies) (Table 2). 
 
Although acorn barnacles C. montagui (mid-upper intertidal levels) and goose 
barnacles P. pollicipes (intertidal-mid subtidal levels) live in different 
compartments of the same habitat, if we had to select only one barnacle species 
to biomonitor metal contamination, global mean BAFs also showed that P. 
pollicipes is the best species, due their higher global seasonal value (Table 2; 
Barnes, 1996; Bernard, 1988; Burrows et al, 1999; Crisp et al., 1981; Cruz and 
Araújo, 1999; Girard, 1982; Goldberg, 1984; Jacinto and Cruz, 2008; Kendall and 
Bedford, 1987; López et al., 2010; Newman and killingley, 1985; O’Riordan et al, 
2004; Pannacciulli and Relini, 2000; Pannacciulli et al, 1997; Power et al., 2011; 
Sestelo and Roca-Pardiñas, 2011; Sousa et al, 2000; Van Syoc et al., 2010).  
 
It should be stated that the selection of only one biomonitor species is not 
considered an adequate experimental approach in metal biomonitoring studies, 
because a single biomonitor can not represent the ecological behaviour of all 
local biota (Barber and Trefry, 1981; Reis et al., 2011). However, in extreme 
situations and well-known locations (i.e., locations with one cosmopolitan 
barnacle species), this single-biomonitor approach can highlight the local metal 
bioavailabilities in at least one compartment of the habitat (Barber and Trefry, 
1981; Reis et al., 2011). Normally, the extrapolation of the conclusions from that 
habitat to a regional extension is considered acceptable and valuable (Barber and 
Trefry, 1981; Reis et al., 2011). 
   
9.1.1.2.5 Ecological Quality Classification 
 
The ecological quality of the coastal seawaters of NW coast of Portugal can be 
assessed based on metals accumulated by C. montagui and P. pollicipes (Reis et 
al, 2012a,b). 
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A summary table in Reis et al. (2011) shows the metal concentrations 
accumulated by different acorn and goose barnacle species from different 
locations worldwide (Chapter 2: Table 1). Comparing those values with the ones 
of this work, Portuguese C. montagui and P. pollicipes showed lower or similar 
metal concentrations, suggesting low metal bioavailabilities in Portuguese coastal 
seawaters during the different years and seasons. 
 
The European Community Commission (EU Commission) establishes rules for 
food consumption safety and the regulation Nº 629/2008 defines maximum 
concentrations of Cd allowed in crustaceans soft tissues as 0.50 mg Cd.kg
-1
 (wet 
wt.) or 2.50 mg Cd.kg
-1
 (dry basis, assuming 80% of water) (EU, 2008). Although 
C. montagui is not a common human food resource, at least in the mainland, 
goose barnacles P. pollicipes have an important commercial value in Portugal, 
France, Spain and Morocco (López et al., 2010). Thus, it is important that Cd 
concentrations in both barnacle species remain bellow this reference value. In this 
study, acorn barnacle C. montagui, never registered Cd concentrations above this 
reference in any of the locations or season. Thus, the NW coast of Portugal seems 
to have low Cd contamination. However, regarding P. pollicipes the same can not 
be said, since in some locations: location 2 (“Foz” - winter 2011); location 4 
(“Leça” - summer 2011) and location 6 (“Vila do Conde” - winter 2011/summer 
2011), Cd concentrations in the soft tissues were higher than the reference value. 
Although the concentrations of Cd in seawater were always low, because goose 
barnacles can bioaccumulate high amounts of Cd, its concentrations can reach 
dangerous levels. The capture of P. pollicipes in these locations should, in 
consequence, be immediately interdicted, until new Cd analyses show their 
decrease to acceptable values, or alternatively P. pollicipes should be submitted to 
depuration before human consumption. 
 
Considering the metal guidelines (SFT TA 1467/1997), the ecological quality 
classifications obtained to the 10 sampled locations of the NW coast of Portugal 
during the different years and seasons are shown in Table 3. These final 
ecological quality classifications (worst classifications) varied from “Class III – 
Remarkably Polluted” to “Class IV – Highly Polluted” (only in summer 2010: 
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locations 2-6 and locations 8-9), due to the high Zn concentrations in P. pollicipes 
(Table 3). 
 
The ecological quality classifications of coastal seawaters obtained using C. 
montagui or P. pollicipes, in each location during the different years and seasons, 
were not always similar. Normally, the ecological quality classifications obtained 
with P. pollicipes were worst than with C. montagui, but they were similar to those 
obtained with dissolved metals in seawaters (Table 1). This is because, P. 
pollicipes accumulates much Zn, one of the highest metals in seawater , so it can 
be considered a good biomonitor of the available metals of coastal seawaters of 
the NW coast of Portugal.  
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Table 2.  Metal Bioaccumulation Factor (log BAF) in Chthamalus montagui and Pollicipes pollicipes of the 10 locations during the 
different years and seasons. 
Metal 
Mean Bioaccumulation Factor (log BAF) 
Summer  
2009 
Summer  
2010 
Winter  
2011 
Spring  
2011 
Summer  
2011 
Autumn  
2011 
C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes 
Cd 4.43 ± 0.14 5.48 ± 0.56 4.97 ± 0.15 5.13 ± 0.18 4.85 ± 0.30 5.12 ± 0.19 4.73 ± 0.16 5.03 ± 0.13 4.84 ± 0.33 5.06 ± 0.25 
Cr 4.94 ± 0.04 4.16 ± 0.37 4.75 ± 0.20 4.21 ± 0.10 4.49 ± 0.09 4.20 ± 0.08 4.68 ± 0.17 4.67 ± 0.09 4.58 ± 0.20 4.47 ± 0.15 
Cu 3.73 ± 0.09 4.13 ± 0.42 3.50 ± 0.10 3.35 ± 0.15 4.06 ± 0.14 4.30 ± 0.13 4.03 ± 0.14 3.94 ± 0.10 3.85 ± 0.20 3.81 ± 0.13 
Fe 5.56 ± 0.07 5.50 ± 0.39 5.56 ± 0.23 5.39 ± 0.07 5.50 ± 0.10 5.21 ± 0.07 5.38 ± 0.17 5.13 ± 0.16 5.16 ± 0.22 4.88 ± 0.17 
Mn 4.07 ± 0.12 4.07 ± 0.25 4.21 ± 0.14 3.69 ± 0.08 4.86 ± 0.21 4.92 ± 0.20 3.86 ± 0.18 3.94 ± 0.17 4.18 ± 0.14 4.11 ± 0.13 
Zn 3.97 ± 0.16 4.51 ± 0.34 4.64 ± 0.09 4.99 ± 0.17 4.42 ± 0.05 4.81 ± 0.06 4.53 ± 0.15 4.92 ± 0.05 4.57 ± 0.14 4.66 ± 0.04 
Global Mean  
(by season) 
4.45 ± 0.69 4.64 ± 0.67 4.61 ± 0.70 4.46 ± 0.83 4.70 ± 0.49 4.76 ± 0.42 4.54 ± 0.54 4.61 ± 0.54 4.53 ± 0.47 4.50 ± 0.47 
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Table 3. Ecological quality classifications of coastal seawaters of the 10 locations from the NW coast of Portugal, during the 
different seasons of 2009-2011. 
Sampling 
Location 
Final ecological quality class (by responsible metal) 
(SFT TA 1467/1997) 
Summer  
2009 
Summer  
2010 
Winter  
2011 
Spring  
2011 
Summer  
2011 
Autumn  
2011 
C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes 
1 III (Zn) III (Zn) II (Zn) III (Zn) II (Zn) III (Zn) II (Zn) III (Zn) III (Zn) III (Zn) 
2 III (Zn) IV (Zn) I (Cd/Cu/Zn) III (Zn) II (Zn) III (Zn) II (Zn) III (Zn) III (Zn) III (Zn) 
3 III (Zn) IV (Zn) III (Zn) III (Zn) II (Zn) III (Zn) III (Zn) III (Zn) II (Zn) III (Zn) 
4 III (Zn) IV (Zn) II (Zn) III (Zn) II (Zn) III (Zn) III (Zn) III (Zn) III (Zn) III (Zn) 
5 III (Zn) IV (Zn) II (Zn) III (Zn) III (Zn) III (Zn) III (Zn) III (Zn) III (Zn) III (Zn) 
6 II (Zn) IV (Zn) II (Zn) III (Zn) II (Zn) III (Zn) I (Cd/Cu/Zn) III (Zn) III (Zn) III (Zn) 
7 I (Cd/Cu/Zn) III (Zn) I (Cd/Cu/Zn) III (Zn) II (Zn) III (Zn) I (Cd/Cu/Zn) III (Zn) II (Zn) III (Zn) 
8 III (Zn) IV (Zn) II (Zn) III (Zn) II (Zn) III (Zn) II (Zn) III (Zn) II (Zn) III (Zn) 
9 III (Zn) IV (Zn) II (Zn) III (Zn) II (Zn) III (Zn) II (Zn) III (Zn) II (Zn) III (Zn) 
10 III (Zn) III (Zn) I (Cd/Cu/Zn) III (Zn) I (Cd/Cu/Zn) III (Zn) II (Zn) III (Zn) II (Zn) III (Zn) 
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9.1.2 Polycyclic Aromatic Hydrocarbons (PAHs) 
 
Similarly to metals, the general discussion about the use of acorn barnacles 
Chthamalus montagui and goose barnacles Pollicipes pollicipes as biomonitors of 
polycyclic aromatic hydrocarbons (PAHs) contamination in the northwest (NW) 
coast of Portugal will be divided in two main parts: coastal seawaters and 
biomonitor species. 
 
In costal seawaters, the dissolved PAHs concentration determined in each 
location during the four seasons of 2011 allowed to investigate their spatial and 
seasonal variations and to attribute to seawater an ecological quality classification 
based only on the PAHs concentrations. 
 
The total PAHs concentrations of acorn barnacle C. montagui and goose 
barnacles P. pollicipes were compared between (1) locations and seasons;  (2) 
correlations between concentrations in seawater and each biomonitor and (3) 
bioaccumulation factors (BAFs) of each biomonitor species were all addressed. To 
end, the ecological quality classifications of coastal seawaters based on PAHs 
concentrations bioaccumulated in biomonitors were compared with those 
obtained directly from seawater concentrations.    
 
9.1.2.1 Coastal seawaters 
9.1.2.1.1 Spatial variations of PAHs 
 
The dissolved PAHs concentrations (N, Ace, AcP, F, P, A, Fluo and Py) of 
seawaters shown in Table 4 were considered representative of the environmental 
PAHs available to C. montagui and P. pollicipes from the NW coast of Portugal 
(Reis et al., 2012a,b). 
 
Independent of season and location, the mean dissolved PAHs concentrations 
(ng.L
-1
) in seawaters ranged: (1) N: 3.72-98.90; (2) Ace: 0.24-5.02; (3) AcP: 0.27-
14.82; (4) F: 0.35-2.92; (5) P: 0.24-2.86; (6) A: 0.04-0.69; (7) Fluo: 0.34-1.90 and 
(8) Py: 0.13-1.69. 
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The lowest range of concentrations was for A and the highest was for N 
followed by AcP but PAH concentrations varied between locations and seasons. 
 
These spatial variations were studied using the same two approaches: 
dependent and independent of season. Dependency of season showed that 
significant spatial variations (p<0.05) of PAHs concentrations occurred during the 
different seasons. Independent of season: the lowest concentrations of Py, N and 
AcP were obtained in locations 2, 5 and 9, respectively; Ace and A in location 8 
and F, P and Fluo in location 7. The highest concentrations of N, Ace and AcP 
were obtained, respectively, in locations 10, 1 and 5 and of F, P, A, Fluo and Py in 
location 4.  
 
Overall, independent of season, locations 4-5 (“Leça da Palmeira”-“Cabo do 
Mundo”) showed the highest PAHs concentrations of this work, which can be 
associated with effluents from Petrogal, “Porto” oil refinery. On the contrary, 
seawater in locations 7-9 (“Fão-Ofir” – “Forte do Paçô”) showed low concentrations 
of PAHs, revealing low contamination in these northerly locations. 
 
9.1.2.1.2 Seasonal variations of PAHs 
 
Significant seasonal variations of PAHs availabilities (p<0.05) were obtained 
along the NW coast of Portugal during the four seasons of 2011 (Table 4).  
 
Independent of location, PAHs concentrations were not seasonally dependent 
and they followed different increasing orders during each season:  
(i) winter: A < [F ~ Fluo ~ Py] < [Ace ~ P] < AcP < N;  
(ii) spring: [A ~ Py] < [P ~ Fluo] < F < Ace < AcP < N;  
(iii) summer: A < [F ~ P ~ Fluo ~ Py] < [Ace ~ AcP] < N; 
(iv) autumn: A < [P ~ Fluo ~ Py] < [Ace ~ F] < AcP < N.   
 
In all seasons, the lowest PAH was always A and the highest were N and AcP. 
Thus, the larger variations of PAHs concentrations are due to their location and 
PAH type, rather than season.  
 
Chapter 9 - General discussion, conclusions and future research 
 
260 
  
 
Table 4. Dissolved PAHs concentrations (N, Ace, AcP, F, P, A, Fluo and Py) of 
coastal seawaters obtained along the NW coast of Portugal during the four 
seasons of 2011. 
PAH Local 
PAH concentrations in coastal seawaters (ng.L
-1
)
 a)
 
Winter 2011 Spring 2011 Summer 2011 Autumn 2011 
N 
1 8.60 ± 1.58 36.06 ± 6.13 13.78 ± 2.48 7.93 ± 0.77 
2 8.69 ± 2.09 88.96 ± 13.96 10.55 ± 1.73 7.22 ± 0.94 
3 5.08 ± 0.39 9.89 ± 3.16 23.01 ± 0.05 95.73 ± 4.62 
4 5.25 ± 0.93 51.34 ± 1.91 8.54 ± 0.22 72.72 ± 4.66 
5 6.01 ± 2.58 53.61 ± 6.21 3.72 ± 0.35 40.18 ± 6.25 
6 8.37 ± 1.03 33.17 ± 3.40 5.77 ± 0.66 37.97 ± 3.64 
7 20.67 ± 3.28 66.40 ± 22.80 4.21 ± 0.19 25.82 ± 3.05 
8 6.10 ± 0.62 n.a 19.77 ± 1.78 12.88 ± 2.24 
9 5.49 ± 1.17 91.68 ± 4.07 5.61 ± 1.05 34.95 ± 0.65 
10 4.08 ± 1.00 98.90 ± 10.49 33.50 ± 11.90 21.30 ± 0.04 
Ace 
1 5.02 ± 0.17 0.73 ± 0.01 0.50 ± 0.02 3.68 ± 0.41 
2 2.27 ± 0.26 1.92 ± 0.19 2.70 ± 0.06 2.20 ± 0.31 
3 0.79 ± 0.14 1.20 ± 0.06 2.94 ± 0.05 0.62 ± 0.01 
4 1.35 ± 0.16 2.05 ± 0.03 2.39 ± 0.04 4.92 ± 0.22 
5 3.05 ± .1.37 3.50 ± 0.24 0.78 ± 0.04 4.83 ± 0.21 
6 0.49 ± 0.10 2.64 ± 0.27 0.80 ± 0.01 0.93 ± 0.04 
7 1.04 ± 0.18 0.53 ± 0.10 0.71 ± 0.05 0.45 ± 0.02 
8 0.64 ± 0.16 n.a 2.98 ± 0.26 0.24 ± 0.02 
9 1.11 ± 0.08 0.66 ± 0.05 0.32 ± 0.01 0.53 ± 0.01 
10 0.87 ± 0.08 0.79 ± 0.04 2.43 ± 0.59 2.81 ± 0.17 
AcP 
1 2.89 ± 1.08 1.53 ± 0.14 0.93 ± 0.02 9.77 ± 0.43 
2 2.32 ± 0.64 4.42 ± 0.36 3.00 ± 0.19 7.35 ± 0.34 
3 2.68 ± 0.69 1.35 ± 0.08 0.90 ± 0.17 8.15 ± 0.24 
4 4.41 ± 0.18 3.47 ± 0.53 2.96 ± 0.16 11.38 ± 0.82 
5 3.86 ± 1.03 3.94 ± 0.09 1.49 ± 0.05 14.82 ± 0.26 
6 0.45 ± 0.15 2.63 ± 0.08 2.26 ± 0.06 10.46 ± 0.41 
7 1.92 ± 0.53 0.68 ± 0.03 1.17 ± 0.14 1.07 ± 0.10 
8 1.42 ± 0.25 n.a 5.00 ± 0.07 5.77 ± 0.64 
9 0.45 ± 0.01 2.97 ± 0.11 0.27 ± 0.02 8.60 ± 0.01 
10 0.49 ± 0.10 2.65 ± 0.05 0.74 ± 0.06 8.55 ± 0.43 
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Table 4. (Continuation) 
PAH Local 
PAHs concentrations in coastal seawaters (ng.L
-1
)
 a)
 
Winter 2011 Spring 2011 Summer 2011 Autumn 2011 
F 
1 0.73 ± 0.01 1.91 ± 0.05 0.60 ± 0.01 2.10 ± 0.03 
2 0.52 ± 0.02 0.50 ± 0.11 0.81 ± 0.07 1.47 ± 0.15 
3 0.58 ± 0.11 0.60 ± 0.06 1.18 ± 0.01 2.17 ± 0.10 
4 2.92 ± 0.58 1.01 ± 0.08 1.13 ± 0.10 2.58 ± 0.18 
5 1.45 ± 0.07 3.29 ± 0.09 1.29 ± 0.01 2.86 ± 0.10 
6 0.41 ± 0.01 1.04 ± 0.06 1.23 ± 0.10 2.07 ± 0.17 
7 0.58 ± 0.06 0.35 ± 0.02 0.50 ± 0.18 0.68 ± 0.02 
8 0.55 ± 0.02 n.a 0.53 ± 0.01 1.28 ± 0.05 
9 1.19 ± 0.02 0.74 ± 0.03 0.59 ± 0.05 1.49 ± 0.01 
10 0.40 ± 0.08 0.83 ± 0.04 0.73 ± 0.03 2.13 ± 0.28 
P 
1 1.58 ± 0.14 0.45 ± 0.09 1.00 ± 0.04 0.51 ± 0.01 
2 1.08 ± 0.08 1.39 ± 0.12 0.65 ± 0.02 0.70 ± 0.10 
3 1.20 ± 0.17 0.45 ± 0.02 0.83 ± 0.06 0.49 ± 0.01 
4 2.86 ± 0.30 0.79 ± 0.02 0.84 ± 0.07 1.34 ± 0.13 
5 1.19 ± 0.12 1.06 ± 0.04 0.93 ± 0.06 1.36 ± 0.14 
6 2.42 ± 0.43 0.53 ± 0.04 1.23 ± 0.09 0.75 ± 0.03 
7 1.10 ± 0.04 0.64 ± 0.02 0.80 ± 0.04 0.24 ± 0.04 
8 1.02 ± 0.06 n.a 0.76 ± 0.02 0.59 ± 0.01 
9 0.53 ± 0.03 0.60 ± 0.01 0.38 ± 0.01 0.65 ± 0.01 
10 0.49 ± 0.03 0.58 ± 0.09 0.78 ± 0.08 0.66 ± 0.04 
A 
1 0.36 ± 0.09 0.14 ± 0.03 0.20 ± 0.07 0.15 ± 0.02 
2 0.13 ± 0.01 0.24 ± 0.01 0.13 ± 0.01 0.25 ± 0.01 
3 0.30 ± 0.06 0.10 ± 0.01 0.16 ± 0.01 0.11 ± 0.03 
4 0.69 ± 0.21 0.27 ± 0.01 0.20 ± 0.01 0.26 ± 0.01 
5 0.27 ± 0.01 0.32 ± 0.02 0.15 ± 0.01 0.23 ± 0.01 
6 0.64 ± 0.03 0.19 ± 0.01 0.27 ± 0.06 0.17 ± 0.05 
7 0.15 ± 0.04 0.16 ± 0.01 0.10 ± 0.02 0.06 ± 0.01 
8 0.15 ± 0.04 n.a 0.04 ± 0.01 0.11 ± 0.02 
9 0.12 ± 0.01 0.09 ± 0.03 0.06 ± 0.01 0.13 ± 0.02 
10 0.06 ± 0.01 0.08 ± 0.01 0.06 ± 0.01 0.19 ± 0.06 
 
 
 
 
 
 
 
Chapter 9 - General discussion, conclusions and future research 
 
262 
  
 
Table 4. (Continuation) 
PAH Local 
PAHs concentrations in coastal seawaters (ng.L
-1
)
 a)
 
Winter 2011 Spring 2011 Summer 2011 Autumn 2011 
Fluo 
1 1.08 ± 0.15 0.62 ± 0.03 0.44 ± 0.05 0.80 ± 0.04 
2 0.65 ± 0.13 1.02 ± 0.13 0.77 ± 0.01 0.72 ± 0.10 
3 0.53 ± 0.12 0.39 ± 0.01 0.40 ± 0.07 0.71 ± 0.03 
4 1.90 ± 0.64 1.03 ± 0.10 0.96 ± 0.04 1.22 ± 0.02 
5 0.57 ± 0.09 1.10 ± 0.08 1.22 ± 0.07 0.82 ± 0.04 
6 1.44 ± 0.11 0.72 ± 0.03 0.80 ± 0.02 0.86 ± 0.03 
7 0.80 ± 0.04 0.46 ± 0.01 0.34 ± 0.04 0.49 ± 0.01 
8 0.85 ± 0.01 n.a 0.79 ± 0.02 0.57 ± 0.01 
9 0.41 ± 0.06 0.44 ± 0.02 0.41 ± 0.01 0.80 ± 0.03 
10 0.66 ± 0.04 0.68 ± 0.01 0.48 ± 0.04 0.44 ± 0.03 
Py 
1 1.10 ± 0.07 0.20 ± 0.02 0.74 ± 0.06 0.87 ± 0.02 
2 0.75 ± 0.04 0.13 ± 0.02 0.79 ± 0.12 0.96 ± 0.03 
3 0.85 ± 0.02 0.18 ± 0.02 0.75 ± 0.01 0.72 ± 0.03 
4 0.63 ± 0.14 0.30 ± 0.01 0.95 ± 0.01 1.69 ± 0.03 
5 0.51 ± 0.05 0.32 ± 0.02 0.99 ± 0.10 1.08 ± 0.02 
6 1.26 ± 0.54 0.26 ± 0.04 1.08 ± 0.03 0.99 ± 0.07 
7 0.63 ± 0.07 0.17 ± 0.01 0.73 ± 0.05 0.57 ± 0.07 
8 0.96 ± 0.08 n.a 0.94 ± 0.06 0.60 ± 0.09 
9 0.78 ± 0.01 0.21 ± 0.01 0.81 ± 0.07 0.76 ± 0.03 
10 0.53 ± 0.03 0.20 ± 0.01 0.95 ± 0.06  0.51 ± 0.05 
a) Mean ± Standard Deviation (n=3). 
 
Per individual PAH, the seasonal variations of concentrations in seawater 
were:  
(i) N: winter < summer < autumn < spring;  
(ii) Ace: spring < [winter ~ summer] < autumn;  
(iii) AcP: summer < winter < spring < autumn;  
(iv) F: [winter ~ summer] < spring < autumn;  
(v) P: [spring ~ autumn] < summer < winter;  
(vi) A: [spring ~ summer ~ autumn] < winter; 
(vii) Fluo: [spring ~ summer ~ autumn] < winter; 
(viii) Py: spring < [winter ~ summer ~ autumn]. 
 
Except N that exhibited high concentrations in spring, all other PAHs were higher 
in autumn or winter. 
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Dependent on location, the spring-summer seasons showed minimum 
concentrations of AcP, F, P, A, Fluo and Py in all locations (except locations 2, 6, 8 
and 10 for AcP; locations 3, 6 and 10 for F; locations 7, 8 and 10 for P; locations 
6 and 7 for A; locations 2, 5, 8 and 10 for Fluo and location 8 for Py) and 
maximum concentrations for N (except locations 3, 4 and 6). On the contrary, the 
winter-autumn seasons showed minimum concentrations of N in all locations 
(except locations 5-7) and maximum concentrations of AcP, F, P, A, Fluo and Py 
(except location 5 for F; location 10 for P; locations 5 and 7 for A; locations 2, 5 
and 10 for Fluo and locations 7, 9 and 10 for Py). 
 
These studies independent-dependent of location showed that mean PAHs 
concentrations in seawater followed no consistent seasonal pattern during the 
different seasons of 2011 and their significant seasonal variations were more 
dependent on the characteristics of each location and of each PAH. 
 
9.1.2.1.3 Ecological quality of coastal seawater based on PAHs 
concentrations in seawater 
 
Regarding dissolved PAHs concentrations in seawater, all sampled locations 
of the NW coast of Portugal can be classified as “Class II - Good” during the four 
seasons of 2011 (Chapter 7: Table 4; SFT, 2007). These ecological quality 
classifications of seawater were much better than the classifications based on 
metal concentrations, which classify these same locations as “Class IV - Bad” (Reis 
et al, 2012a,b). This means that metal contamination is of more concern than 
PAH contamination. 
 
9.1.2.2 Biomonitors 
9.1.2.2.1 Spatial variations of PAHs 
 
The total PAHs concentrations (N, Ace, AcP, F, P, A, Fluo and Py) obtained in 
soft tissues of C. montagui and P. pollicipes along the 10 sampling locations of 
the NW coast of Portugal during the four seasons of 2011 are shown in Table 5. 
 
Independent of season and location, the mean total PAHs concentrations 
(µg.kg
-1
, dry wt.) in C. montagui ranged: (i) N: 0.13-3.12; (ii) Ace: 0.29-2.06; (iii) 
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AcP: 1.29-24.42; (iv) F: 0.14-3.54; (v) P: 0.59-4.11; (vi) A: 0.67-4.08; (vii) Fluo: 
0.48-2.75 and (viii) Py: 0.25-13.19 and in P. pollicipes ranged: (i) N: 0.10-1.79; (ii) 
Ace: 0.07-2.03; (iii) AcP: 0.78-5.63; (iv) F: 0.08-3.34; (v) P: 0.24-16.03; (vi) A: 
0.24-15.47; (vii) Fluo: 0.26-26.42 and (viii) Py: 0.28-10.56. In general, C. 
montagui bioaccumulated higher PAHs concentrations in its soft tissues than P. 
pollicipes. However in autumn the heavier PAHs from P to Fluo were higher in P. 
pollicipes and during winter location 1 exhibited the highest concentrations of all 
PAHs in P. pollicipes.  
 
On other hand, PAHs concentrations accumulated by C. montagui and P. 
pollicipes showed significant spatial variations (p<0.05) during the different 
seasons of 2011. These spatial variations were studied using the same two 
approaches: dependent and independent of season. Dependent of season:  
(i) location 1: both C. montagui and P. pollicipes showed their highest 
concentrations of P and A in winter and AcP in autumn. However, C. 
montagui also showed their highest concentrations of N, Ace, F, Fluo and 
Py in autumn and P. pollicipes for N, Ace, F, Fluo and Py in winter. On the 
contrary, both barnacle species showed their lowest concentrations of Py in 
spring and N and AcP in summer. C. montagui alo showed their lowest 
concentrations of F in winter, Ace and Fluo in summer and P and A in 
autumn. P. pollicipes showed their lowest concentrations of Ace, P, A and 
Fluo in spring and F in summer; 
(ii) location 2: both barnacle species showed their highest concentrations of N 
in winter and Py in autumn. C. montagui also showed their highest 
concentrations for Ace, P and A in winter, AcP and Fluo in spring and AcP 
and F in autumn. P. pollicipes showed their highest concentrations for F 
and Fluo in winter, Ace in summer and P and A in autumn. On other hand, 
both barnacle species showed their lowest concentrations of F and Py in 
spring and N and A in summer. C. montagui also showed their lowest 
concentrations of Fluo in winter, AcP in summer and Ace and P in autumn. 
P. pollicipes showed their lowest concentrations of AcP in winter, Ace in 
spring and P and Fluo in summer; 
(iii) location 3: both barnacle species showed their highest concentrations of P, 
A and Fluo in winter, Ace in summer and N and AcP in autumn. C. 
montagui also showed their highest concentration of F in autumn and P. 
Chapter 9 - General discussion, conclusions and future research 
 
265 
  
pollicipes for F in winter and Py in autumn. Contrary, both barnacle species 
showed their lowest concentrations of N, F, Fluo and Py in spring. C. 
montagui also showed their lowest concentration of AcP in autumn and P. 
pollicipes of Ace and AcP in winter and P in spring; 
(iv) location 4: both barnacle species showed their highest concentrations of F 
and Fluo in winter and N and A in autumn. C. montagui also showed their 
highest concentrations of A in spring, Py in summer and AcP in autumn. P. 
pollicipes showed their highest concentrations of Ace in spring and A and 
Py in autumn. On other hand, both barnacle species showed their lowest 
concentrations of AcP and Py in winter and P and Fluo in summer. C. 
montagui also showed their lowest concentrations of N in winter, F and P 
in spring and Ace and A in summer. P. pollicipes showed their lowest 
concentrations of Ace in winter, N and A in spring and F in summer; 
(v) location 5: both barnacle species showed their highest concentrations of F 
in spring and N, P and Py in autumn. C. montagui showed their highest 
concentrations for P and A in winter, Fluo in summer and Ace and AcP in 
autumn. P. pollicipes showed their highest concentrations of Ace in winter, 
N and A in spring and F in summer. Contrary, both barnacle species 
showed their lowest concentrations of Py in winter and N, Ace, F, P and A 
in summer. C. montagui also showed their lowest concentrations of Fluo in 
winter and AcP in summer. P. pollicipes also showed their lowest 
concentrations for AcP in winter and N and Fluo in spring; 
(vi) location 6: both barnacle species showed their highest concentrations of P, 
A and Fluo in winter, Ace in spring and AcP in autumn. C. montagui 
showed their highest concentrations for Py in winter and N and F in 
autumn. P. pollicipes showed their highest concentrations of N in winter, F 
in summer and Py in autumn. Contrary, both barnacle species showed their 
lowest concentrations of AcP and F in winter, P, Fluo and Py in spring and N 
and Ace in summer. C. montagui also showed their lowest concentrations 
of A in autumn and P. pollicipes of A in spring; 
(vii) location 7: both barnacle species showed their highest concentrations of 
Ace, F, P, A and Fluo in winter and Ace in summer. C. montagui also 
showed their highest concentrations for N and AcP in autumn and P. 
pollicipes for N and AcP in winter and Py in summer and autumn. Contrary, 
both barnacle species showed their lowest concentrations of Fluo in spring 
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and N in summer. C. montagui also showed their lowest concentrations of 
F and Py in spring, AcP and Fluo in summer and Ace, P and A in autumn. P. 
pollicipes also showed their lowest concentrations for Py in winter, Ace, 
AcP, P and A in spring and F in summer; 
(viii) location 8: both barnacle species showed their highest concentrations of 
Fluo in winter, Ace in summer and F in autumn. C. montagui also showed 
their highest concentrations for P, A and Py in winter and N and AcP in 
autumn. P. pollicipes showed their highest concentrations of N in spring, 
Ace, AcP and Py in summer and P and A in autumn. Contrary, both barnacle 
species showed their lowest concentrations of P, Fluo and Py in spring and 
Ace in autumn. C. montagui also showed their lowest concentrations of N 
in spring, F and A in summer and P in autumn. P. pollicipes also showed 
their lowest concentrations for N, AcP and F in winter, A in spring and N in 
summer and autumn; 
(ix) location 9: both barnacle species showed their highest concentrations of 
Fluo in autumn and their lowest of Py in spring and N, Ace, F, P and a in 
summer. C. montagui also showed their highest concentrations for Ace, A 
and Py in winter, P in spring and N, AcP and F in autumn. P. pollicipes 
showed their highest concentrations of F in winter, N, Ace and AcP in 
spring and P, A and Py in autumn. On other hand, C. montagui also showed 
their lowest concentrations of Fluo in winter and AcP and Fluo in summer. 
P. pollicipes also showed their lowest concentrations for Ace and AcP in 
winter and Fluo in spring; 
(x)  location 10: both barnacle species showed their highest concentrations of 
Py in summer and A in autumn. C. montagui also showed their highest 
concentrations for P and A in winter, Fluo in spring and N, Ace, AcP and F 
in autumn. P. pollicipes showed their highest concentrations of F and Fluo 
in winter, N and AcP in spring, Ace in summer and P in summer. Contrary, 
both barnacle species showed their lowest concentrations of N in winter 
and Ace and Py in spring. C. montagui also showed their lowest 
concentrations of F in winter, AcP and A in summer and P and Fluo in 
autumn. P. pollicipes also showed their lowest concentrations for AcP in 
winter, AcP, P, A and Fluo in spring and F in summer. 
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This season dependency approach shows the great spatial variations of PAHs 
concentrations accumulated by both barnacle species along the NW coast of 
Portugal during the different seasons of 2011. 
 
Independent of season:  
(i) Location 1: showed the highest concentrations of all target PAHs 
bioaccumulated by P. pollicipes, except AcP; 
(ii) Location 2: showed the highest AcP concentration bioaccumulated by P. 
pollicipes and the lowest Py in both barnacle species; 
(iii) Location 3: showed the highest concentration of N in C. montagui; 
(iv) Location 4: C. montagui bioaccumulated the highest Py concentration and 
P. pollicipes bioaccumulated the lowest Ace concentration; 
(v) Location 5: C. montagui bioaccumulated the highest Ace, AcP and F 
concentrations and the lowest N concentration in this location; 
(vi) Location 6: C. montagui bioaccumulated the highest P, A and Fluo 
concentrations and P. pollicipes bioaccumulated the lowest N 
concentration; 
(vii) Location 7: C. montagui showed their lowest concentrations of F, P and A 
and P. pollicipes obtained their lowest AcP and F concentrations; 
(viii) Location 8: C. montagui showed their lowest concentration of Fluo and P. 
pollicipes obtained their lowest A and Fluo concentrations; 
(ix) Location 9: C. montagui showed their lowest concentrations of Ace and AcP 
and P. pollicipes obtained their lowest P concentration; 
(x) Location 10: no extreme concentrations were obtained in this location. 
 
Independent of season, it seems that P. pollicipes from location 1 (“Paramos”) 
has been exposed to high PAHs contamination, probably due to untreated 
domestic effluents discharged by Wastewaters Treatment Plant of “Paramos”. On 
the other hand, C. montagui from locations 4-6 (“Leça da Palmeira”-“Vila do 
Conde”) also showed high PAHs concentrations, which may have its origin at 
Petrogal oil refinery industrial effluents. On the contrary, locations 8-10 (“Viana 
do Castelo”-“Moledo”) always showed low concentrations, reflecting the low PAHs 
availability of these locations.  
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Table 5. Total PAHs concentrations (N, Ace, AcP, F, P, A, Fluo and Py) obtained in soft tissues of C. montagui and P. pollicipes 
along the 10 sampling locations of the NW coast of Portugal during the four seasons of 2011. 
PAH 
Sampling 
Location 
PAHs concentrations in soft tissues of C. montagui and P. pollicipes (µg.kg
-1
, dry wt.)
 a)
 
Winter  
2011 
Spring  
2011 
Summer  
2011 
Autumn 
2011 
C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes 
N 
1 0.41 ± 0.01 1.79 ± 0.07 0.28 ± 0.02 0.25 ± 0.01 0.26 ± 0.02 0.18 ± 0.04 0.69 ± 0.06 0.23 ± 0.01 
2 0.53 ± 0.01 0.52 ± 0.08 0.42 ± 0.05 0.29 ± 0.05 0.19 ± 0.02 0.13 ± 0.01 0.40 ± 0.05 0.22 ± 0.03 
3 0.28 ± 0.03 0.20 ± 0.02 0.22 ± 0.01 0.13 ± 0.01 0.34 ± 0.05 0.29 ± 0.06 3.12 ± 0.20 0.79 ± 0.09 
4 0.30 ± 0.04 0.28 ± 0.02 0.41 ± 0.10 0.19 ± 0.03 0.23 ± 0.05 0.21 ± 0.01 2.73 ± 0.22 0.53 ± 0.09 
5 0.40 ± 0.01 0.25 ± 0.04 0.31 ± 0.01 0.15 ± 0.01 0.13 ± 0.01 0.15 ± 0.01 2.34 ± 0.12 0.63 ± 0.01 
6 0.46 ± 0.03 0.39 ± 0.01 0.29 ± 0.01 0.11 ± 0.01 0.20 ± 0.01 0.10 ± 0.01 1.65 ± 0.01 0.38 ± 0.01 
7 0.73 ± 0.09 0.69 ± 0.02 0.52 ± 0.11 0.32 ± 0.02 0.16 ± 0.02 0.14 ± 0.01 1.56 ± 0.04 0.35 ± 0.01 
8 0.27 ± 0.05 0.20 ± 0.02 0.17 ± 0.01 0.40 ± 0.01 0.36 ± 0.01 0.20 ± 0.04 0.83 ± 0.14 0.26 ± 0.05 
9 0.27 ± 0.01 0.22 ± 0.04 0.52 ± 0.01 0.38 ± 0.03 0.18 ± 0.03 0.15 ± 0.01 1.99 ± 0.15 0.33 ± 0.03 
10 0.22 ± 0.02 0.17 ± 0.01 0.53 ± 0.07 0.49 ± 0.06 0.70 ± 0.06 0.32 ± 0.02 1.69 ± 0.25 0.35 ± 0.03 
Ace 
1 0.68 ± 0.01 2.03 ± 0.36 0.61 ± 0.05 0.19 ± 0.02 0.36 ± 0.04 0.21 ± 0.02 1.41 ± 0.05 0.32 ± 0.05 
2 2.02 ± 0.03 0.56 ± 0.07 0.99 ± 0.05 0.24 ± 0.03 1.28 ± 0.10 0.59 ± 0.04 0.93 ± 0.11 0.26 ± 0.01 
3 1.03 ± 0.04 0.08 ± 0.01 0.79 ± 0.05 0.19 ± 0.02 1.18 ± 0.06 0.49 ± 0.01 0.42 ± 0.05 0.14 ± 0.01 
4 1.06 ± 0.13 0.07 ± 0.01 1.06 ± 0.23 0.67 ± 0.07 1.01 ± 0.05 0.40 ± 0.01 1.92 ± 0.16 0.47 ± 0.04 
5 1.93 ± 0.47 0.25 ± 0.04 1.47 ± 0.21 0.88 ± 0.01 0.45 ± 0.04 0.14 ± 0.01 2.06 ± 0.12 0.43 ± 0.02 
6 1.00 ± 0.12 0.21 ± 0.01 1.26 ± 0.18 0.79 ± 0.12 0.45 ± 0.07 0.15 ± 0.04 0.53 ± 0.04 0.18 ± 0.03 
7 0.84 ± 0.19 0.25 ± 0.04 0.55 ± 0.03 0.11 ± 0.01 0.42 ± 0.04 0.14 ± 0.02 0.36 ± 0.03 0.15 ± 0.01 
8 0.58 ± 0.11 0.15 ± 0.02 0.58 ± 0.01 0.20 ± 0.02 1.18 ± 0.17 0.41 ± 0.01 0.32 ± 0.01 0.14 ± 0.01 
9 1.03 ± 0.14 0.12 ± 0.03 0.58 ± 0.04 0.25 ± 0.02 0.29 ± 0.03 0.12 ± 0.01 0.39 ± 0.04 0.15 ± 0.01 
10 1.12 ± 0.15 0.24 ± 0.06 0.63 ± 0.01 0.18 ± 0.02 1.00 ± 0.01 0.37 ± 0.02 1.18 ± 0.21 0.30 ± 0.04 
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Table 5. (Continuation) 
 
PAH 
Sampling 
Location 
PAHs concentrations in soft tissues of C. montagui and P. pollicipes (µg.kg
-1
, dry wt.)
 a)
 
Winter  
2011 
Spring  
2011 
Summer  
2011 
Autumn 
2011 
C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes 
AcP 
1 4.30 ± 0.47 2.73 ± 0.34 4.69 ± 0.68 1.76 ± 0.16 2.20 ± 0.42 1.70 ± 0.10 17.29 ± 1.56 3.33 ± 0.43 
2 5.88 ± 0.04 1.13 ± 0.07 8.71 ± 1.71 5.63 ± 0.35 5.33 ± 0.33 3.58 ± 0.24 14.02 ± 3.21 3.09 ± 0.15 
3 6.86 ± 1.07 0.99 ± 0.06 4.48 ± 0.69 1.49 ± 0.19 2.11 ± 0.28 1.69 ± 0.20 15.15 ± 2.32 2.97 ± 0.02 
4 3.87 ± 0.18 2.10 ± 0.24 7.29 ± 0.58 4.47 ± 0.53 5.03 ± 0.22 3.90 ± 0.29 20.31 ± 1.81 4.27 ± 0.39 
5 7.68 ± 0.14 1.88 ± 0.02 8.04 ± 0.46 4.65 ± 0.28 3.01 ± 0.45 2.39 ± 0.10 24.42 ± 0.29 4.24 ± 0.34 
6 2.29 ± 0.09 1.00 ± 0.33 6.35 ± 0.23 2.95 ± 0.59 4.05 ± 0.71 2.59 ± 0.35 18.00 ± 3.45 3.33 ± 0.46 
7 4.80 ± 0.07 2.70 ± 0.71 3.61 ± 0.21 0.78 ± 0.07 2.55 ± 0.19 2.36 ± 0.19 5.37 ± 0.40 1.28 ± 0.06 
8 2.71 ± 0.39 1.44 ± 0.22 5.77 ± 0.72 1.92 ± 0.13 8.03 ± 0.74 4.39 ± 0.20 11.84 ± 0.10 2.46 ± 0.26 
9 2.42 ± 0.28 1.10 ± 0.04 6.82 ± 0.24 4.18 ± 0.23 1.29 ± 0.03 1.11 ± 0.08 15.85 ± 0.12 3.16 ± 0.35 
10 2.17 ± 0.13 1.22 ± 0.24 6.28 ± 1.55 3.30 ± 0.40 1.98 ± 0.43 1.67 ± 0.08 15.96 ± 0.86 2.86 ± 0.33 
F 
1 0.16 ± 0.01 3.34 ± 0.09 1.92 ± 0.20 0.93 ± 0.03 0.31 ± 0.07 0.17 ± 0.03 1.95 ± 0.27 0.58 ± 0.03 
2 0.83 ± 0.01 0.38 ± 0.02 0.26 ± 0.08 0.17 ± 0.01 0.50 ± 0.01 0.20 ± 0.04 1.27 ± 0.13 0.26 ± 0.03 
3 1.48 ± 0.35 0.65 ± 0.01 0.42 ± 0.01 0.24 ± 0.04 0.99 ± 0.10 0.44 ± 0.09 2.06 ± 0.16 0.54 ± 0.05 
4 3.11 ± 0.19 1.62 ± 0.51 0.91 ± 0.15 0.57 ± 0.01 0.95 ± 0.04 0.56 ± 0.01 2.37 ± 0.29 0.64 ± 0.15 
5 1.95 ± 0.15 0.73 ± 0.06 3.54 ± 0.34 2.22 ± 0.09 1.14 ± 0.08 0.52 ± 0.06 2.87 ± 0.34 0.76 ± 0.01 
6 0.87 ± 0.06 0.24 ± 0.01 0.95 ± 0.06 0.58 ± 0.07 1.07 ± 0.02 0.63 ± 0.01 1.95 ± 0.47 0.52 ± 0.13 
7 0.48 ± 0.11 0.18 ± 0.01 0.14 ± 0.03 0.09 ± 0.01 0.23 ± 0.02 0.08 ± 0.01 0.26 ± 0.03 0.08 ± 0.01 
8 0.52 ± 0.11 0.10 ± 0.01 0.26 ± 0.02 0.19 ± 0.03 0.21 ± 0.02 0.15 ± 0.01 0.97 ± 0.18 0.27 ± 0.01 
9 1.03 ± 0.01 0.38 ± 0.05 0.63 ± 0.03 0.32 ± 0.01 0.31 ± 0.04 0.12 ± 0.02 1.16 ± 0.07 0.26 ± 0.01 
10 0.36 ± 0.02 0.63 ± 0.02 0.70 ± 0.24 0.38 ± 0.03 0.45 ± 0.02 0.17 ± 0.02 1.98 ± 0.20 0.53 ± 0.02 
 
Chapter 9 - General discussion, conclusions and future research 
 
270 
  
Table 5. (Continuation) 
 
PAH 
Sampling 
Location 
PAHs concentrations in soft tissues of C. montagui and P. pollicipes (µg.kg
-1
, dry wt.)
 a)
 
Winter  
2011 
Spring  
2011 
Summer  
2011 
Autumn 
2011 
C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes 
P 
1 2.66 ± 0.40 16.03 ± 1.62 0.92 ± 0.11 0.29 ± 0.01 1.62 ± 0.28 0.81 ± 0.05 0.90 ± 0.12 1.02 ± 0.01 
2 2.78 ± 0.09 1.18 ± 0.06 2.12 ± 0.17 1.37 ± 0.10 1.25 ± 0.14 0.31 ± 0.02 1.15 ± 0.11 1.37 ± 0.21 
3 2.99 ± 0.30 1.28 ± 0.03 0.97 ± 0.25 0.28 ± 0.02 1.45 ± 0.03 0.43 ± 0.05 0.87 ± 0.03 1.08 ± 0.05 
4 1.68 ± 0.01 1.70 ± 0.04 1.42 ± 0.03 0.86 ± 0.04 1.42 ± 0.03 0.43 ± 0.03 1.88 ± 0.35 2.28 ± 0.40 
5 3.39 ± 0.02 1.19 ± 0.14 1.67 ± 0.01 1.19 ± 0.04 1.59 ± 0.20 0.85 ± 0.04 1.86 ± 0.34 2.22 ± 0.09 
6 4.11 ± 0.17 1.83 ± 0.02 1.15 ± 0.15 0.36 ± 0.03 1.95 ± 0.33 1.23 ± 0.11 1.20 ± 0.05 1.15 ± 0.11 
7 3.95 ± 0.31 1.08 ± 0.21 1.20 ± 0.17 0.32 ± 0.01 1.39 ± 0.01 0.41 ± 0.08 0.59 ± 0.06 0.61 ± 0.05 
8 2.78 ± 0.37 0.92 ± 0.03 1.00 ± 0.11 0.24 ± 0.02 1.35 ± 0.03 0.31 ± 0.05 1.00 ± 0.11 1.19 ± 0.06 
9 1.12 ± 0.06 0.95 ± 0.02 1.14 ± 0.08 0.36 ± 0.01 0.87 ± 0.02 0.24 ± 0.01 1.10 ± 0.19 1.33 ± 0.01 
10 1.44 ± 0.15 0.55 ± 0.11 1.13 ± 0.28 0.33 ± 0.04 1.33 ± 0.16 0.37 ± 0.01 1.12 ± 0.01 1.59 ± 0.11 
A 
1 2.67 ± 0.41 15.47 ± 2.40 1.40 ± 0.02 0.30 ± 0.01 1.62 ± 0.27 1.13 ± 0.08 1.28 ± 0.01 1.45 ± 0.11 
2 2.75 ± 0.02 1.18 ± 0.06 1.92 ± 0.13 0.67 ± 0.02 1.26 ± 0.15 0.48 ± 0.04 1.67 ± 0.08 2.03 ± 0.05 
3 2.99 ± 0.30 1.28 ± 0.03 1.29 ± 0.01 0.29 ± 0.06 1.32 ± 0.13 0.72 ± 0.01 1.02 ± 0.20 1.07 ± 0.04 
4 1.67 ± 0.01 1.70 ± 0.04 2.11 ± 0.15 0.83 ± 0.02 1.60 ± 0.10 0.95 ± 0.14 1.74 ± 0.34 2.29 ± 0.39 
5 3.40 ± 0.04 1.32 ± 0.05 2.24 ± 0.02 1.19 ± 0.04 1.32 ± 0.15 0.73 ± 0.13 1.52 ± 0.15 1.69 ± 0.18 
6 4.08 ± 0.21 1.84 ± 0.02 1.63 ± 0.01 0.66 ± 0.02 1.86 ± 0.28 0.95 ± 0.10 1.20 ± 0.05 1.43 ± 0.13 
7 2.25 ± 0.04 1.03 ± 0.10 1.43 ± 0.17 0.32 ± 0.01 1.15 ± 0.12 0.43 ± 0.05 0.67 ± 0.06 0.62 ± 0.05 
8 2.77 ± 0.38 0.92 ± 0.02 1.01 ± 0.10 0.24 ± 0.02 0.90 ± 0.14 0.31 ± 0.05 1.00 ± 0.11 1.20 ± 0.01 
9 1.19 ± 0.05 0.40 ± 0.02 1.14 ± 0.08 0.36 ± 0.01 0.87 ± 0.02 0.30 ± 0.01 1.10 ± 0.19 1.34 ± 0.01 
10 1.43 ± 0.15 0.54 ± 0.12 1.14 ± 0.28 0.35 ± 0.01 0.94 ± 0.01 0.37 ± 0.01 1.43 ± 0.22 1.92 ± 0.14 
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Table 5. (Continuation) 
 
PAH 
Sampling 
Location 
PAHs concentrations in soft tissues of C. montagui and P. pollicipes (µg.kg
-1
, dry wt.)
 a)
 
Winter  
2011 
Spring  
2011 
Summer  
2011 
Autumn 
2011 
C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes 
Fluo 
1 0.94 ± 0.04 26.42 ± 0.28 1.17 ± 0.06 0.59 ± 0.02 0.75 ± 0.03 0.82 ± 0.12 1.52 ± 0.10 2.02 ± 0.03 
2 1.28 ± 0.05 2.49 ± 0.09 1.96 ± 0.15 1.29 ± 0.03 1.46 ± 0.02 1.07 ± 0.06 1.33 ± 0.04 1.88 ± 0.12 
3 1.45 ± 0.06 2.56 ± 0.26 0.63 ± 0.02 0.44 ± 0.01 0.65 ± 0.11 0.62 ± 0.06 1.27 ± 0.15 1.64 ± 0.29 
4 2.32 ± 0.01 4.30 ± 0.55 1.91 ± 0.13 1.35 ± 0.16 1.83 ± 0.07 1.29 ± 0.01 2.29 ± 0.32 2.74 ± 0.17 
5 1.01 ± 0.02 3.29 ± 0.08 2.14 ± 0.37 1.41 ± 0.13 2.34 ± 0.32 2.02 ± 0.09 1.54 ± 0.04 2.11 ± 0.31 
6 2.75 ± 0.26 3.57 ± 0.21 1.31 ± 0.36 0.71 ± 0.06 1.48 ± 0.41 1.06 ± 0.14 1.50 ± 0.02 2.00 ± 0.06 
7 1.68 ± 0.02 2.28 ± 0.14 0.82 ± 0.13 0.43 ± 0.07 0.55 ± 0.01 0.59 ± 0.08 0.81 ± 0.12 1.41 ± 0.01 
8 2.24 ± 0.56 2.72 ± 0.25 0.48 ± 0.14 0.26 ± 0.01 1.43 ± 0.33 1.03 ± 0.05 0.97 ± 0.01 1.69 ± 0.18 
9 0.66 ± 0.03 1.58 ± 0.08 0.78 ± 0.20 0.44 ± 0.06 0.66 ± 0.06 0.56 ± 0.01 1.40 ± 0.07 1.90 ± 0.07 
10 0.95 ± 0.21 1.68 ± 0.12 1.21 ± 0.18 0.65 ± 0.09 0.85 ± 0.02 0.92 ± 0.13 0.70 ± 0.08 1.34 ± 0.09 
Py 
1 1.88 ± 0.01 10.56 ± 1.40 0.87 ± 0.11 0.33 ± 0.01 1.57 ± 0.28 2.03 ± 0.23 4.34 ± 0.28 3.64 ± 0.34 
2 3.02 ± 0.13 0.58 ± 0.10 0.25 ± 0.01 0.28 ± 0.01 2.49 ± 0.33 2.55 ± 0.05 5.98 ± 0.32 5.43 ± 0.02 
3 3.84 ± 0.15 0.95 ± 0.05 0.99 ± 0.01 0.43 ± 0.01 2.21 ± 0.48 2.37 ± 0.14 3.21 ± 0.06 3.17 ± 0.14 
4 1.14 ± 0.12 0.54 ± 0.01 1.92 ± 0.04 0.68 ± 0.05 3.90 ± 0.41 2.80 ± 0.03 13.19 ± 2.63 9.44 ± 0.88 
5 2.02 ± 0.07 0.69 ± 0.10 2.47 ± 0.52 0.78 ± 0.08 4.39 ± 0.55 2.80 ± 0.13 7.11 ± 0.07 6.14 ± 0.23 
6 7.90 ± 0.25 1.04 ± 0.12 1.55 ± 0.09 0.58 ± 0.06 5.03 ± 0.96 2.99 ± 0.51 5.72 ± 0.03 5.25 ± 0.48 
7 1.11 ± 0.03 0.60 ± 0.02 0.83 ± 0.13 0.32 ± 0.02 1.61 ± 0.02 2.32 ± 0.24 1.76 ± 0.28 2.10 ± 0.29 
8 7.81 ± 0.71 1.15 ± 0.13 0.80 ± 0.19 0.34 ± 0.05 3.58 ± 0.13 2.75 ± 0.18 2.09 ± 0.04 2.51 ± 0.02 
9 3.95 ± 0.03 0.85 ± 0.07 1.07 ± 0.09 0.47 ± 0.04 2.61 ± 0.16 2.35 ± 0.18 3.69 ± 0.13 3.82 ± 0.19 
10 2.54 ± 0.13 0.41 ± 0.05 0.99 ± 0.33 0.36 ± 0.06 3.55 ± 0.02 2.45 ± 0.28 1.05 ± 0.10 1.59 ± 0.15 
a) Mean ± Standard Deviation (n=3). 
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9.1.2.2.2 Seasonal variations of PAHs 
 
Significant seasonal variations (p<0.05) on PAHs concentrations accumulated 
in soft tissues of C. montagui and P. pollicipes were obtained during the four 
seasons of 2011 (Table 5).  
 
A) Independent of location, both acorn barnacle C. montagui and goose barnacle 
P. pollicipes showed no consistent pattern on their PAHs distribution in 
tissues. PAHs concentrations in C. montagui followed different increasing 
relative orders during the four seasons of 2011:  
(i) winter: N < [Ace ~ F] < Fluo < [P ~ A] < Py < AcP;  
(ii) spring: N < [Ace ~ F] < [P ~ Fluo ~ Py] < A < AcP;  
(iii) summer: N < [Ace ~ F] < [P ~ A ~ Fluo] < Py < AcP;  
(iv) autumn: [Ace ~ P ~ A ~ Fluo] < [N ~ F] < Py < AcP.  
 
PAHs concentrations in P. pollicipes also followed different increasing orders:  
(i) winter: [N ~ Ace] < F < AcP < Py < [P ~ A] < Fluo;  
(ii) spring:[ N ~ Ace] < [F ~ P ~ A ~ Py] < Fluo < AcP;  
(iii) summer: [N ~ Ace ~ F] < [P ~ A] < Fluo < Py < AcP;  
(iv) autumn: [N ~ Ace ~ F] < [P ~ A] < Fluo < AcP < Py.  
 
Likewise in the seawater, the concentrations of PAHs accumulated in C. 
montagui and P. pollicipes were not seasonaly dependent, although N and Ace 
showed the lowest concentrations in all seasons. On the other hand, C. montagui 
and P. pollicipes have different paterns of PAHs accumulation in their soft tissues 
in different seasons, probably due to different physiological mechanisms used by 
each barnacle species. 
  
Per compound, the Independent-location seasonal variations of PAHs 
concentrations in C. montagui (Cm) and P. pollicipes (Pp) also showed significant 
differences (p<0.05):  
(i) N: summer-Pp < [spring-Pp ~ summer–Cm] < [winter–Cm ~ spring–Cm ~ 
autumn-Pp] < winter–Pp < autumn–Cm;  
(ii) Ace: [summer–Pp ~ autumn–Pp] < [winter–Pp ~ spring–Pp] < summer–Cm < 
spring–Cm < autumn–Cm < winter–Cm;  
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(iii) AcP: winter–Pp < summer–Pp < [spring–Pp ~ autumn-Pp] < summer–Cm < 
winter–Cm < spring-Cm < autumn-Cm;  
(iv) F: summer–Pp < autumn–Pp < [spring–Pp ~ summer–Cm] < winter–Pp < 
spring–Cm < winter–Cm < autumn–Cm; 
(v) P: [spring–Pp ~ summer–Pp] < autumn–Cm < spring–Cm < [summer-Cm ~ 
autumn–Pp] < [winter-Pp ~ winter-Cm]; 
(vi) A: spring-Pp < summer–Pp < [summer–Cm ~ autumn–Cm] < [spring–Cm ~ 
autumn–Pp] < [winter-Pp ~ winter-Cm]; 
(vii) Fluo: spring–Pp < summer–Pp < [spring–Cm ~ summer–Cm] < autumn–Cm 
< winter–Cm < autumn–Pp < winter– Pp; 
(viii) Py: spring-Pp < spring–Cm < winter-Pp < summer-Pp < summer-Cm < 
winter-Cm < autumn–Pp < autumn-Cm. 
 
Again, no consistent seasonal distribution pattern can be cleary defined for 
any PAH. These Independent-location studies showed that C. montagui 
bioaccumulate higher Ace and AcP concentrations than P. pollicipes during all 
seasons. The remaining target PAHs accumulated in the tissues of both barnacle 
species showed no patterns, which may be explained by the different PAH 
availability in seawater of each location. 
 
B) Dependent of location, the PAHs concentrations in soft tissues of C. montagui 
and P. pollicipes also showed significant seasonal variations (p<0.05) during 
the different seasons of 2011 along the NW coast of Portugal:  
(i) spring-summer: showed minimum mean concentrations for all target PAHs 
in all locations of NW coast of Portugal (except in location 1 for F, P and A 
in C. montagui; location 2 for Ace, P and Fluo in C. montagui and for AcP in 
P. pollicipes; location 3 for Ace in both barnacle species and for AcP in P. 
pollicipes; location 4 for Py in both barnacle species and for Ace and AcP in 
P. pollicipes; location 5 for Py in both barnacle species, for Fluo in C. 
montagui and for AcP in P. pollicipes; location 6 for AcP and F  in both 
barnacle species and for A in C. montagui; location 7 for Ace, P and A in C. 
montagui; location 8 for Ace and AcP in both barnacle species and for F in 
P. pollicipes; location 9 for P in P. pollicipes and location 10 for N in both 
barnacle species and for F, P and Fluo in C. montagui and AcP in P. 
pollicipes). 
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(ii) winter-autumn: showed maximum mean concentrations for all target PAHs 
in P. pollicipes in all locations of NW coast of Portugal (except in location 2 
for Fluo in C. montagui and for Ace, AcP and P in P. pollicipes; location 3 
for Ace in both barnacle species; location 4 for A in C. montagui and for 
Ace and AcP in P. pollicipes; location 5 for F and Fluo in both barnacle 
species and for Ace and AcP in P. pollicipes; location 6 for Ace in both 
barnacle species and for F in P. pollicipes; location 7 for Py in P. pollicipes; 
location 8 for Ace in both barnacle species and for N, AcP and Py in P. 
pollicipes; location 9 for P in C. montagui and N, Ace and AcP in P. 
pollicipes and location 10 for Py in both barnacle species, for Fluo in C. 
montagui and for N, Ace and AcP in P. pollicipes).  
 
These dependent–location studies showed that PAHs concentrations 
accumulated by C. montagui and P. pollicipes did not followed consistent 
seasonal patterns during the four seasons of 2011. These significant seasonal 
variations (p<0.05) were more dependent on the available PAHs concentrations in 
the seawater of each location. However, both barnacle species bioaccumulated 
high PAHs concentrations in winter and autumn and low concentrations during 
spring and summer seasons. These findings can be related with more important 
and energetic consumption biological processes of the life cycle of both barnacle 
species, which shows maximum recruitment and settlement rates during March-
October (Cruz and Araújo 1999; O’Riordan et al., 2004). 
 
9.1.2.2.3 Correlation between coastal seawaters and biomonitors 
 
The correlations between PAHs concentrations in coastal seawaters and soft 
tissues of C. montagui and P. pollicipes for each season are shown in Chapter 7: 
Table 6 and Chapter 8: Table 3.  
 
During all seasons of 2011, there were significant positive correlations (at 
least: p<0.05, R
2
>0.5943) for all target PAHs between the concentrations in 
coastal seawaters and in both biomonitors. All these significant correlations 
suggested that dissolved PAHs can describe well the processes of PAHs 
accumulation by C. montagui and P. pollicipes during all seasons. 
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Thus, both C. montagui and P. pollicipes could be used as biomonitors of 
PAHs availabilities along the NW coast of Portugal during the different seasons. 
 
9.1.2.2.4 Bioaccumulation Factors (BAFs) 
 
The efficiency of PAHs accumulation by C. montagui and P. pollicipes was 
assessed by the Bioaccumultation Factors (BAFs) (Reis et al., 2012a,b). These 
PAHs BAFs were calculated as the ratio between PAHs concentrations in the 
biomonitor soft tissues (µg.kg
-1
, dry wt.) and in coastal seawaters (ng.L
-1
) 
expressed as 10
3
x L kg
-1
, dry wt.  
 
The mean log BAFs values (basis 10) in soft tissues of C. montagui (Cm) and 
P. pollicipes (Pp) are shown in Table 6 and they were significantly different 
(p<0.05) during the different seasons of 2011. However, most of the PAH BAFs 
did not vary within the same species along the seasons. Exceptions were the BAFs 
of N in both species that decreased from winter to spring, increased in summer 
and increased again in autumn. Other variations of BAFs occurred in P. pollicipes 
for Fluo which decreased in spring and increased in summer and autumn and Py 
that increased from winter to autumn: 
(i) N: spring-Pp < spring-Cm < [summer-Pp ~ autumn-Pp] < summer-Cm < 
[winter-Pp ~ winter-Cm ~ autumn-Cm]; 
(ii) Ace: [winter-Pp ~ spring-Pp ~ summer-Pp ~ autumn-Pp] < [winter-Cm ~ 
spring-Cm ~ summer-Cm ~ autumn-Cm]; 
(iii) AcP: autumn-Pp < [winter-Pp ~ spring-Pp] < [summer-Pp ~ winter-Cm ~ 
spring-Cm ~ summer-Cm ~ autumn-Cm]; 
(iv) F: [summer-Pp ~ autumn-Pp] < [winter-Pp ~ spring-Pp] < [winter-Cm ~ 
spring-Cm ~ summer-Cm ~ autumn-Cm]; 
(v) P: [spring-Pp ~ summer-Pp] < winter-Pp < [autumn-Pp ~ winter-Cm ~ spring-
Cm ~ summer-Cm ~ autumn-Cm]; 
(vi) A: [winter-Pp ~ spring-Pp ~ summer-Pp] < [autumn-Pp ~ winter-Cm ~ 
spring-Cm ~ summer-Cm ~ autumn-Cm]; 
(vii) Fluo: spring-Pp < [summer-Pp ~ winter-Cm ~ spring-Cm ~ summer-Cm ~ 
autumn-Cm] < [winter-Pp ~ autumn-Pp]; 
(viii) Py: winter-Pp < spring-Pp < [summer-Pp ~ autumn-Pp ~ winter-Cm ~ spring-
Cm ~ summer-Cm ~ autumn-Cm]. 
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These BAFs comparisons showed that C. montagui could accumulate most of 
the target PAHs more efficiently than P. pollicipes in almost all seasons of 2011. 
BAF of Fluo in autumn was higher in P. pollicipes and BAFs of P, A, and Py in 
autumn and Fluo in winter were similar between the two species. 
 
In future PAHs biomonitoring programs, if we had to select only one season 
to collect both barnacle species, winter would be the best season, due to the 
higher global mean BAFs values (higher efficiencies) (Table 6).  
 
On the other hand, if we had to select only one barnacle species as a 
biomonitor of PAHs contamination, C. montagui would be the best species, 
because it showed the highest global mean BAFs values (Table 6). Nevertheless, a 
single season and biomonitor can not represent the ecological behaviour of all 
local biota during all year (Barber and Trefry, 1981; Reis et al., 2011) and should 
not be used alone. 
 
9.1.2.2.5 Ecological Quality Classification 
 
The ecological quality of the coastal seawaters of NW coast of Portugal during 
the four seasons of 2011 was assessed based on PAHs concentrations 
accumulated by C. montagui and P. pollicipes. 
 
According to OSPAR 461/2009 guidelines (Chapter 7: Table 4), the ecological 
quality classifications of the 10 locations of the NW coast of Portugal during the 
four seasons of 2011 are shown in Table 7. These final ecological quality 
classifications (worst classifications) varied from “Class II – Natural Background 
Concentrations” to “Class III – Environmental Concentrations” (winter: locations 1-
3, 5-6 and 8 and autumn: location 4). 
 
The ecological quality classifications based on concentrations in C. montagui 
were worst than the ones in P. pollicipes. On the other hand, these ecological 
quality classifications were similar to those previously obtained with dissolved 
PAHs in seawaters (“Class II – Good”). Thus, the NW coast of Portugal has not been 
submitted to significant PAH contamination during the four seasons of 2011.  
Chapter 9 - General discussion, conclusions and future research 
 
277 
  
Table 6.  PAHs Bioaccumulation Factors (log BAFs) in soft tissues of Chthamalus montagui and Pollicipes pollicipes of the 10 
locations during the four seasons of 2011. 
PAH 
Mean Bioaccumulation Factor (log BAF) 
Winter  
2011 
Spring  
2011 
Summer  
2011 
Autumn  
2011 
C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes 
N 1.71 ± 0.08 1.63 ± 0.08 0.88 ± 0.20 0.67 ± 0.21 1.39 ± 0.15 1.25 ± 0.23 1.74 ± 0.37 1.15 ± 0.22 
Ace 2.91 ± 0.31 2.28 ± 0.30 2.81 ± 0.14 2.37 ± 0.15 2.72 ± 0.12 2.31 ± 0.16 2.75 ± 0.18 2.23 ± 0.28 
AcP 3.40 ± 0.25 2.97 ± 0.36 3.42 ± 0.14 3.08 ± 0.04 3.34 ± 0.14 3.22 ± 0.19 3.31 ± 0.14 2.61 ± 0.18 
F 3.02 ± 0.29 2.73 ± 0.30 2.88 ± 0.14 2.65 ± 0.12 2.80 ± 0.13 2.48 ± 0.16 2.92 ± 0.12 2.33 ± 0.12 
P 3.33 ± 0.22 3.00 ± 0.13 3.27 ± 0.06 2.86 ± 0.13 3.25 ± 0.04 2.78 ± 0.13 3.23 ± 0.07 3.30 ± 0.07 
A 4.03 ± 0.29 3.69 ± 0.20 3.99 ± 0.11 3.49 ± 0.12 4.03 ± 0.15 3.69 ± 0.09 3.90 ± 0.07 3.96 ± 0.05 
Fluo 3.24 ± 0.15 3.50 ± 0.11 3.26 ± 0.02 3.03 ± 0.06 3.25 ± 0.03 3.19 ± 0.07 3.25 ± 0.03 3.41 ± 0.05 
Py 3.57 ± 0.24 3.00 ± 0.09 3.69 ± 0.17 3.32 ± 0.06 3.52 ± 0.12 3.46 ± 0.03 3.66 ± 0.17 3.66 ± 0.09 
Global Mean 
(by season) 
3.15 ± 0.68 2.85 ± 0.65 3.03 ± 0.91 2.68 ± 0.85 3.04 ± 0.75 2.80 ± 0.76 3.10 ± 0.65 2.83 ± 0.89 
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Table 7. Ecological quality classifications of coastal seawaters of the 10 locations from the NW coast of Portugal during the four 
seasons of 2011 based on PAHs concentrations accumulated by biomonitors. 
Sampling 
Location 
Final ecological quality class (by responsible PAH) 
(OSPAR 461/2009) 
Winter  
2011 
Spring  
2011 
Summer  
2011 
Autumn  
2011 
C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes C. montagui P. pollicipes 
1 II (N/A) III (P/A/Fluo/Py) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A/Py) II (N/A) 
2 III (A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A/Py) II (N/A/Py) 
3 III (A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) 
4 II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) III (Py) II (N/A/Py) 
5 III (A) II (N/A) II (N/A) II (N/A) II (N/A/Py) II (N/A) II (N/A/Py) II (N/A/Py) 
6 III (A) II (N/A) II (N/A) II (N/A) II (N/A/Py) II (N/A) II (N/A/Py) II (N/A/Py) 
7 II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) 
8 III (A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) 
9 II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) 
10 II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) II (N/A) 
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9.2 Conclusions 
9.2.1 Metals 
 
Part of this PhD thesis is based on an extensive work about the use of acorn 
barnacles Chthamalus montagui and goose barnacles Pollicipes pollicipes as 
biomonitors of metal contamination in the northwest (NW) coast of Portugal. 
 
This work is described in four original research chapters (Chapter 3 to 
Chapter 6) included in this thesis. 
 
The conclusions of this work are summarised in this section and are 
withdrawn from the results obtained along the research work, but more detailed 
information can be found in the discussion section of each chapter. 
 
The main conclusions of this work will be exposed chronologically by 
monitoring journeys. 
 
A) Summer 2009 
 
(i) The acorn barnacles C. montagui proved that their soft tissues can be used 
for monitoring metal (Cd, Cr, Cu, Fe, Mn, Ni and Zn) contamination along 
the NW coast of Portugal, since all metals showed significant correlations 
(p<0.05) between their concentrations in soft tissues and seawaters; 
 
(ii) The metal concentrations (mg.kg-1, dry wt.) in C. montagui soft tissues 
ranged: 0.59–1.7 mg Cd kg−1, 0.5–3.2 mg Cr kg−1, 0.72–3.0 mg Ni kg−1, 
1.2–6.7 mg Cu kg−1,9–26 mg Mn kg−1, 214–785 mg Fe kg−1 and 178–956 
mg Zn kg
−1
; 
 
(iii) C. montagui shell plates were not considered good matrix to monitor metal 
bioavailabilities in these coastal seawaters, because there were no 
significant correlations (p<0.05) between metal concentrations in shells 
and seawaters; 
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(iv) Regarding the high Zn concentrations in seawaters and C. montagui, the 
ecological quality of all seawaters from the NW coast of Portugal were 
classified as “moderately/remarkably polluted”. 
 
B) Summer 2010 
 
(v) The goose barnacles P. pollicipes also showed that can be used as 
biomonitor of metal (Cd, Cr, Cu, Fe, Mn, Ni and Zn) contamination in the 
NW coast of Portugal, since there were significant correlations (p<0.05) 
between metals in their soft tissues and seawaters, except for Zn; 
 
(vi) The metal concentrations (mg.kg-1, dry wt.) in P. pollicipes soft tissues 
ranged: 0.70–2.22 mg Cd kg−1, 0.49–1.40 mg Cr kg−1, 1.37–2.07 mg Ni 
kg
−1
, 2.4–3.3 mg Cu kg−1, 5–59 mg Mn kg−1, 134–578 mg Fe kg−1and 728–
1,854 mg Zn kg
−1
; 
 
(vii) As for C. montagui, the shell plates of P. pollicipes were not considered 
ideal material to monitor metal bioavailabilities in these coastal seawaters; 
 
(viii) Again, due to the high Zn concentrations in seawaters and P. pollicipes, the 
seawaters of the NW coast of Portugal were classified as 
“remarkably/highly polluted”. 
 
C) Biomonitoring program: Summer 2009 / Summer 2010 / Winter-Autumn 
2011 
 
(ix) Coastal seawaters showed significant spatial and seasonal (p<0.05) 
variations on dissolved metal concentrations (Cd, Cr, Cu, Fe, Mn and Zn) in 
all locations of the NW coast of Portugal during all seasons; 
 
(x) Independent of season and location, the metal concentrations (ng.L-1) in 
seawaters ranged: 0.7-130 ng Cd.L
-1
; 10-274 ng Cr.L
-1
; 69-1,819 ng Cu.L
-1
; 
468-11,443 ng Fe.L
-1
; 77-5,727 ng Mn.L
-1
 and 2,889-56,953 ng Zn.L
-1
; 
 
(xi) Coastal seawaters from locations 1-6 (“Paramos”-“Porto”-“Vila do Conde”) 
showed the highest metal concentrations of this work. This reveals the 
high metal availabilities in these locations, probably associated with 
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untreated domestic and industrial effluents from these urban areas. On the 
contrary, the seawaters from locations 9 and 10 (“Forte do Paçô” – 
“Moledo”) showed the lowest Cu, Cr, Fe and Mn concentrations, revealing 
their lower metal availabilities to biota; 
 
(xii) Metal concentrations in seawaters followed no consistent seasonal pattern 
during all selected seasons of 2009-2011 and their significant seasonal 
variations (p<0.05) were dependent on the characteristics of each location 
and of each metal; 
 
(xiii) Based only on the metal availabilities and regarding some few exceptions, 
all locations from the NW coast of Portugal, during all seasons of 2009-
2011, were ecologically classified as “Class IV – Bad”, due to the high Cu 
and/or Zn concentrations (exceptions: location 7 in winter 2011 and 
summer 2011 and location 10 in winter 2011, that were classified as “Class 
III - Moderate”). Some positive indications of decrease of metal 
contamination were observed in Portuguese seawaters along the years, 
particularly for Zn (seasonal mean): summer 2011 (8,230 ng.L
-1
) < summer 
2010 (24,874 ng.L
-1
) < summer 2009 (51,374 ng.L
-1
); 
 
(xiv) As coastal seawaters, total metal concentrations (Cd, Cr, Cu, Fe, Mn and 
Zn) accumulated in soft tissues of C. montagui and P. pollicipes showed 
significant spatial and seasonal (p<0.05) variations in all locations of the 
NW coast of Portugal during all seasons; 
 
(xv) Independent of season and location, the mean total metal concentrations 
(mg.kg
-1
, dry wt.) in C. montagui ranged: 0.39-1.98 mg Cd.kg
-1
; 0.45-3.13 
mg Cr.kg
-1
; 0.93-6.7 mg Cu.kg
-1
; 135-785 mg Fe.kg
-1
; 2.2-26 mg Mn.kg
-1 
and 
119-782 mg Zn.kg
-1 
and in P. pollicipes ranged: 0.35-3.75 mg Cd.kg
-1
; 0.25-
1.79 mg Cr.kg
-1
; 0.76-6.09 mg Cu.kg
-1
; 55-614 mg Fe.kg
-1
; 2.89-59 mg 
Mn.kg
-1 
and 413-1,798 mg Zn.kg
-1
; 
 
(xvi) No spatial and seasonal paterns on metal concentrations accumulated in 
the soft tissues of both barnacle species were cleary defined, which 
seemed to be dependent on metal availabilities in coastal seawaters; 
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(xvii) Indeed, there were significant positive correlations (p<0.05, R2>0.4955) for 
all metals (except Zn in summer 2010: p>0.05, R
2
=0.3412) between the 
concentrations in coastal seawaters and both biomonitors (C. montagui 
and P. pollicipes). Thus, C. montagui and P. pollicipes can be used as 
biomonitors of metal availabilities along the NW coast of Portugal during 
all seasons of the year; 
 
(xviii) Globally, during all seasons, C. montagui and P. pollicipes proved to have 
high sensitivity to Fe and low to Cu and Mn. Individually, C. montagui was 
more sensible to Cr, Cu and Fe than goose barnacle P. pollicipes and P. 
pollicipes was more sensitive to Cd. For Mn and Zn, none of the barnacle 
species could be considered more sensitive than another, which suggested 
that more complex biological and metabolic processes are involved in their 
accumulation during the different seasons; 
 
(xix) BAFs comparisons showed that C. montagui can accumulate Cr, Fe and Mn 
more efficiently than P. pollicipes and P. pollicipes is more efficient to 
accumulate Cd, Cu and Zn; 
 
(xx) In future metal biomonitoring works, if we had to select only one season to 
collect both barnacle species, the BAFs values showed that the best season 
would be spring (higher global mean BAFs than other seasons); 
 
(xxi) If we had to select only one barnacle species to biomonitor metal 
contamination in the NW coast of Portugal, the BAFs values also showed 
that the best species would be P. pollicipes (higher mean seasonal BAFs 
than C. montagui); 
 
(xxii) Applying the European Community Commission Regulation Nº 629/2008, 
wich defined maximum allowed Cd concentrations (0.50 mg Cd.kg
-1
, wet wt 
or 2.50 mg Cd.kg
-1
, dry wt.) in crustacean species for human consumption, 
the capture of P. pollicipes, as human food resource, should be interdicted 
in some locations (location 2 – “Foz” – winter 2011; location 4 - “Leça” – 
summer 2011; location 6 – “Vila do Conde” – winter 2011/summer 2011) 
until new Cd analyses show a decrease to acceptable values or P. pollicipes 
is depurated before human consumption; 
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(xxiii) Finnally, regarding the high Zn concentrations accumulated by C. montagui 
and P. pollicipes, the ecological quality classifications of all seawaters from 
the NW coast of Portugal, during all seasons of 2009-2011, varied from 
“Class III – Remarkably Polluted” to “Class IV – Highly Polluted” (only in 
summer 2010: locations 2-6 and location 8-9). 
 
9.2.2 Polycyclic Aromatic Hydrocarbons (PAHs) 
 
The second part of this PhD thesis includes an extensive work about the use 
of acorn barnacles Chthamalus montagui and goose barnacles Pollicipes pollicipes 
as biomonitors of PAHs contamination in the northwest (NW) coast of Portugal 
during the four seasons of 2011. 
 
This work is described in two original research chapters (Chapters 7 and 8) 
included in this thesis. 
 
The conclusions itemized in this section are according to the results obtained 
along this research work, but more detailed information can be found in the 
discussion section of each chapter. 
 
The main conclusions of this part of the work are: 
 
(xxx) Coastal seawaters showed significant spatial and seasonal (p<0.05) 
variations on their dissolved PAHs concentrations (N, Ace, AcP, F, P, A, 
Fluo and Py) in all locations of the NW coast of Portugal during the four 
seasons of 2011; 
 
(xxxi) Independent of season and location, the PAHs concentrations (ng.L-1) in 
seawaters ranged: N: 3.7-98.9; Ace: 0.24-5.02; AcP: 0.27-14.82; F: 0.35-
3.29; P: 0.24-2.86;
 
A: 0.04-0.69; Fluo: 0.34-1.90
 
and Py: 0.13-1.69; 
 
(xxxii) Coastal seawaters from locations 4-5 (“Leça da Palmeira”-“Cabo do Mundo”) 
showed the highest PAHs concentrations of this work, except for N and 
Ace. This reveals their higher PAHs availabilities, probably related to 
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untreated effluent discharges from Petrogal oil refinery of “Porto” 
metropolitan area; 
 
(xxxiii) PAHs concentrations of coastal seawaters followed no consistent 
seasonal pattern during the four seasons of 2011 and their significant 
seasonal variations (p<0.05) were more dependent on the characteristics 
of each location and of each PAH; 
 
(xxxiv) Based on the PAHs availabilities in seawaters, all NW coast of Portugal 
were ecologically classified as “Class II – Good” during the four seasons 
of 2011; 
 
(xxxv) As coastal seawaters, total PAHs concentrations (N, Ace, AcP, F, P, A, Fluo 
and Py) accumulated in soft tissues of C. montagui and P. pollicipes 
showed significant spatial and seasonal (p<0.05) variations in all 
locations of the NW coast of Portugal during the four seasons of 2011; 
 
(xxxvi) Independent of season and location, the mean total PAHs concentrations 
(µg.kg
-1
, dry wt.) in C. montagui ranged: N: 0.13 – 3.12; Ace: 0.29 – 
2.06; AcP: 1.29 – 24.42; F: 0.14 – 3.54; P: 0.59 – 4.11; A: 0.67 – 4.08; 
Fluo: 0.48 – 2.75 and Py: 0.25 – 13.19 and in P. pollicipes ranged: N: 
0.10 – 1.79; Ace: 0.07 – 2.03; AcP: 0.78 – 5.63; F: 0.08 – 3.34; P: 0.24 – 
16.03; A: 0.24 – 15.47; Fluo: 0.26 – 26.42 and Py: 0.28 – 10.56; 
 
(xxxvii) No spatial and seasonal paterns on PAHs concentrations accumulated in 
the soft tissues of both barnacle species were cleary defined, which 
proved to be dependent on PAHs availabilities in coastal seawaters; 
 
(xxxviii) Indeed, there were significant positive correlations (p<0.05, R2>0.5943) 
for all target PAHs between the concentrations in coastal seawaters and 
in both biomonitors (C. montagui and P. pollicipes). Thus, C. montagui 
and P. pollicipes can be used as biomonitors of PAHs availabilities along 
the NW coast of Portugal during all seasons of the year; 
 
(xxxix) The BAFs comparisons showed that in general C. montagui could 
accumulate the majority of the target PAHs more efficiently than P. 
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pollicipes in most of seasons of 2011, but Fluo in autumn had higher 
mean BAF in P. pollicipes and P, A and Py in autumn and Fluo in winter 
showed similar BAFs between the two species. Within the same species, 
only few variations of BAFs along seasons were found: N in both species 
and Py in P. Pollicipes; 
 
(xl) In future PAHs biomonitoring programs, if we had to select only one 
season to collect both barnacle species, the BAFs comparisons showed 
that winter would be the best season, due to the higher global mean 
BAFs values observed (higher efficiencies); 
 
(xli)   If we had to select only one barnacle species to biomonitor PAHs 
contamination, these BAFs comparisons also showed that C. montagui 
would be the best species, because it showed higher global mean BAF 
values; 
 
(xlii) Finnally, regarding the low PAHs concentrations accumulated by C. 
montagui and P. pollicipes, the ecological quality classifications of all 
seawaters from the NW coast of Portugal, during the four seasons 2011, 
varied from “Class II – Natural Background Concentrations” to “Class III – 
Environmental Concentrations”; 
 
(xliii) Thus, the NW coast of Portugal was not exposed to significant PAH 
contamination during the four seasons of 2011.  
 
9.3 Future trends 
 
This PhD work contributed to increase the data about metal and polycyclic 
aromatic hydrocarbons (PAHs) concentrations in Portuguese coastal seawaters 
and tissues of C. montagui and P. pollicipes from the NW coast of Portugal. 
 
The use of aquatic species as biomonitors of anthropogenic contamination is 
an important tool to assess the ecological quality of an ecosystem. This research 
will have to expand to new unexploited regions, unreported native species and 
new emerging contaminants. 
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The development of new technological and analytical equipments, such as 
Secondary Ion Mass Spectrometry (SIMS), Laser Microprobe Mass Analysis 
(LAMMA) or Isotope Ratio Mass Spectrometry (IRMS) will allow more complete and 
representative monitoring programs of the physical-chemical environmental 
parameters. The development of new biodynamic models to predict 
contamination levels in the coastal waters will need to be accomplished by using 
these new emerging technologies.        
 
The use of these barnacle species (Chthamalus montagui and Pollicipes 
pollicipes) as biomonitors of metals and PAHs contamination in coastal waters still 
needs deeper research in order to highlight several identified gaps. Thus, future 
trends in this area should: (i) study the cellular accumulation of metals and PAHs 
by barnacles, in order to understand their intracellular accumulation and the main 
pathways of uptake, transport and excretion of each contaminant; (ii) study their 
trophic transfer and calculate the different physiological parameters of each 
contaminant: uptake rate constants from water; assimilation efficiencies from 
planktonic food and efflux rate constants and (iii) develop reliable biodynamic 
models to predict metals and PAHs concentrations in coastal waters. 
 
Accordingly, we envisage a continued growth in research activity in this area 
over the coming years and the publishing of scientific information dealing with 
the use of barnacles as biomonitors of metal and PAHs contamination in coastal 
waters. 
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